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ABSTRACT 


Design  guidance  is  presented  for  use  by  experienced  engineers  and 
architects.  The  types  of  buildings  within  the  scope  of  this  manual  include 
slab-on-grade,  partially-buried  (bermed)  or  fully-buried,  and  large  (single¬ 
story  or  multistory)  structures.  New  criteria  unique  to  oarth-eheltered 
design  are  included  for  the  following  disciplines:  Planning,  Landscape 
Design,  Life-Cycle  Analysis,  Architectural,  Structural,  Mechanical  (criteria 
include  below-grt>de  heat  flux  calculation  procedures),  and  Electrical. 
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FOREWORD 


Earth-sheltered  buildings  offer  an  Important  alternative  to  conventionally 
designed  facilities.  This  design  ma..ual,  which  is  one  of  a  series,  provides, 
criteria  for  evaluating  tne  habitability  and  suitability  of  earth-sheltered 
space  as  well  as  providing  new  technical  design  la'ormation.  Both  the 
aesthetic  and  technical  aspects  of  this  manual  represent  the  most  current 
design  practice  and  engineering  methoda  available  for  large  earth-sheltered 
buildings. 

Many  of  the  technical  criteria  are  the  product  of  on-going  research  In  the 
scientific  community.  As  research  continues  in  both  public  and  private 
institutions,  improved  calculation  techniques  may  become  available.  The 
designer  is  encouraged  to  make  use  of  new  data  from  professional  societies, 
associations,  and  institutions.  However,  deviations  from  the  Design  Manual 
criteria  must  have  prior  approval  from  Naval  Facilities  Engineering  Cmamand 
Headquarters  (Code  04). 

This  publication  is  certified  as  an  official  publication  of  the  Naval 
Facilities  Engineering  Command  and  has  been  reviewed  and  .'pproved  in 
acca|rdance  with  SECNAVINST  5600.16. 
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SecCion  1.  REGULATIONS  AND  GUIDELINES 


1.  SCOPE.  This  manual  contains  design  criteria  for  earth-sheltered 
buildings.  The  design  criteria  include  site  planning,  architectural,  civil, 
structural,  mechanical,  and  electrical  disciplines.  The  mechanical  design 
data  for  the  evaluation  of  below-grade  heat  flux,  heating  and  cooling  loads, 
and  peak  loads  is  restricted  to  buildings  over  15,000  square  feet.  (See 
Section  18,  Energy  Calculations,  for  additional  restrictions.) 

This  manual  does  not  apply  to  housing  (single-family  dwellings  and 
dormitories). 


The  term  "earth-sheltered"  does  not  necessarily  mean  "underground."  The 
term  applies  to  any  building  that  has  some  portion  of  its  exterior  walls 
below  ground.  By  this  definition,  "earth-sheltering"  includes  a  building 
that  has  an  earth  bsrm  up  to  the  window  sills.  It  also  includes  any 
conventional  building  that  has  a  usable  climate-controlled  basement. 


To  demonstrate  the  use  of  the  criteria  contained  in  this  manual,  a  step- 
by-step  example  is  included  in  Section  19. 


2.  RELATED  CRITERIA.  Certain  criteria  related  to  earth-sheltered 
construction  appear  elsewhere  in  the  DM  series.  Refer  to  the  i^ollowing 
sources: 

Subject  Source 


Site  Planning  . 

Waterproofing,  Dampproofing  and  Condensation  Control 

Space  Planning . . . 

Construction  Requirements  by  Climate  ....... 

Structural  Engineering  General  Requirements  .  .  . 

Structural  Loads  .  . 

Steel  Structures . . 

Concrete  Structures  . 

Timber  Structures  .  .  . 


NAVFAC  DM-1 
NAVi'AC  DM-1 

NAVFAC  DM-1 

I 

NAVFAC  DM-l 
NAVFAC  DM-2.1 
NAVFAC  DM-2.2 
NAVFAC  DM-2.3 
NAVFAC  DM-2.4 
NAVFAC  DM-2.5 


Aluminum,  Masonry,  Composite  Structures 

and  Other  Structural  Materials  ....  .  NAVFAC  DM-2.6 

Mechanical  Engineering  .  .  .  NAVFAC  DM-3 

Plumbing  Systems  .  ....  NAVFAC  OM-3.1 

Heating,  Ventilating,  Air-conditioning  and 

Dehumidifying  Systems  .  NAVFAC  DM-3. 3 

Electrical  Design  Considerations  .  NAVFAC  DM-4.1 

Electrical  Power  Distribution  Systems  .  NAVFAC  DM-4.2 

Electrical  Utilization  Systems  .  NAVFAC  DM-4.4 

Wire  Communication  and  Signal  Systems  .  NAVFAC  DM-4.7 
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Hydrology  and  Hydraulics  .  .  .  NAVFAO  DM-5.2 

Drnin-.co  Systems .  NAVFAC  DM-5.3 

Pav?  .ants .  NAVFAC  DM-'5.4 

C  naral  Provisions  and  Geometric  Design  for  Roadn^ 

Streets,  Walks,  and  Open  Storage  Area  .  NAVFAC  DM-5.5 

Soil  Conservation . NAVFAC  DM"5.11 

Fences,  Gates,  atid  Guard  Towers  . .  NAVFAC  OM-5.12 

Soil  liechanics.  Foundations,  and  Earth  Structures  .  NAVFAC  DM-7  Series 

Fire  Protection  Engineering  .  .  ...  NAVFAC  DM-8 

Cold  Regions  Engineering  .......  .  NAVFAC  DM-9 

Site  Evaluation  of  Waterfront  Structures  .....  NAVFAC  DM-25 
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Section  2.  CLIMATE  EVALUATION 


1.  GENERAL.  This  section  provides  general  guidelines  for  evaluating  the 
suitability  of  earth-sheltered  buildings  for  various  cKmates. 

2.  SENSITIVITY  TO  ANALYSIS.  Climate  iu  the  most  sensitive  index  to 
life-cycle  performance  of  earth-sheltered  buildings.  As  a  general  rule, 
earth-sheltered  buildings  will  tend  to  have  a  better  life-cycle  performance 
in  cold  climates  than  in  hot  climates.  Earth-sheltered  buildings  in  mild 
climates,  such  as  San  Diego,  usually  will  not  have  a  life-cycle  benefit  over 
conventional  construction.  These  general  rules  are  subject  to  qualification 
by  the  variables  discussed  below. 

a.  Infiltration  Loads  Related  To  Climate.  Placing  exterior  building 
surfaces  below-grade  reduces  infiltration.  Because  of  the  larger  indoor/ 
outdoor  temperature  differential  in  cold  climates,  energy  savings  due  to 
reduced  infiltration  will  be  greater  in  cold  climates  than  in  hot  climates. 

b.  Latent  Cooling  Loads  Related  to  Climate.  Even  though  the  indoor/ 
outdoor  temperature  differentials  in  hot  climates  may  not  be  as  great  as 
those  in  cold  climates,  the  latent  component  of  cooling  loads  attributable 
to  infiltrating  air  will  tend  to  improve  the  comparative  feasibility  of 
earth-sheltered  buildings  in  hot  and  hot-humid  climates. 

c.  Energy  Costs  Related  to  Climates.  Because  of  the  different  kinds 
of  energy  sources  available,  the  variation  in  local  energy  costs,  and  the 
range  of  operating  efficiencies  for  different  mechanical  systems,  it  is  not 
possible  to  correlate  energy  costs  with  climate  in  general.  In  some 
instances,  the  relative  advantage  of  earth-sheltering  in  harsh,  cold 
climates  will  be  reinforced  by  fuel  costs,  particularly  if  fuel  oil  is  used 
for  heating.  For  exanq>le,  the  cost  of  fuel  oil  per  million  Btu's  of  heating 
load  would  be  $9.50  ($32. 42/million  Wh)  based  on  $1  per  gallon  ($.26/L)  of 
fuel  oil  and  a  boiler  efficiency  of  75  percent.  By  comparison,  electricity 
for  cooling  would  cost  $5.86  per  million  Btu's  ($20/million  Wh)  of  cooling 
load  based  on  $.05  per  kilowatt-hour  and.  a  coefficient  of  performance  of 
2.5.  On  this  basis,  there  is  a  positive  correlation  between  energy  costs 
and  colder  climates.  On  the  other  hand,  if  natural  gas  is  used  as  an  energy 
source  for  heating  at  the  rate  of  $2.50  per  1,000  ft^  ($0.088/m3)  of 

gas,  the  correlation  between  cold  climates  and  fuel  costs  can  be  negative. 

At  $2.50  per  1,000  ft^  ($0.088/m^)  of  gas  and  with  a  boiler  efficiency 
of  75  percent,  heating  would  cost  $3.33  per  million  Btu's  ($11. 36/million 
Wh)  of  load  as  compared  with  $5.86  ($20)  for  cooling  as  calculated  above. 

d.  Internal  Heat  Gains  Related  to  Climate.  Internal  heat  gain  from 
equipment,  lights,  and  people  will  reduce  heating  requirements.  In  cold  and 
temperate  climates,  earth-sheltering  will  reduce  the  number  of  hours  in  a 
year  where  heating  loads  attributable  to  heat  loss,  ventilation,  and 
infiltration  exceed  the  internal  heat  gains.  Thus  earth-sheltering,  while 
reducing  the  overall  heating  load,  will  also  reduce  the  amount  of  usable 
internal  gains.  In  climates  where  there  is  a  dominant  cooling  load 
year-round,  the  internal  gains  will  not  be  significantly  affected  by 
earth-sheltering. 
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FIGURE  1 

Clinatic  Regions  for  Small,  Naturally-Ventilated  Earth-Sheltered  Buildings 
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_«•  Ground  Temperatures  Related  to  Climate.  Ground  temperatures  have  a 
positive  correlation  to  air  temperature  but  the  correlation  is  not 
proportional.  With  an  earth-contact  configuration,  the  improvement  in  the 
indoor/outdoor  temperature  differential  is  much  greater  in  cold  climates 
thM  in  hot  climates.  Further,  earth^sheltered  buildings  in  cold,  temperate 
climates  can  take  significant  advantage  of  thermal  lag.  In  effect,  thermal 
lag  can  provide  some  heat  during  the  early  heating  season  and  provide 
cooling  benefits  during  the  cooling  season.  In  hot  climates,  solar 
radiation  tends  to  increase  ground  temperatures.  Warm  ground  temperatures 
do  not  contribute  to  cooling.  In  hot,  arid  climates,  however,  the 
relatively  steady  ground  temperatures  will  benefit  the  energy  requirements 
by  removing  the  building  from  exposure  to  diurnal  temperature  extremes. 

f.  Construction  Costs  Related  to  Climate.  Local  price  differences 
notwithstanding,  construction  costs  for  conventional  buildings  tend  to  be 
higher  in  cold  climates  than  in  hot  climates.  This  is  mainly  due  to  frost 
footings  and  greater  insulation  thicknesses  for  conventional  buildings  in 
cold  climates.  Earth-sheltering  tends  to  eliminate  the  frost  footing.  In 
addition,  insulation  cost  are  reduced  since  below-grade  insulation  can  be 
less  expensive  than  above-grade  insulation.  Earth-sheltered  construction  is 
thus  more  competitive  in  cold  climates  than  in  hot  climates. 

CLIMATE  SUITABILITY  FOR  SMALL  BUILDINGS.  Because  small  buildings  are 
more  sensitive  to  passive  energy  techniques  than  large  buildings,  it  is 
possible  to  map  out  the  suitability  of  small  earth-sheltered  buildings  by 
cliiutic  region.  This  has  been  done  by  Kenneth  Labs  (See  Reference  1, 
Regional  Analysis  of  Ground  and  Above-Ground  Climate  by  Kenneth  Labs).  The 
conclusions  of  this  report  pertain  only  to  small,  skin-dominated  buildings 
or  portions  of  buildings  that  are  not  hermetically  sealed  and  are  not 
mechanically  ventilated.  The  comfort  criteria  which  determine  the 
suitability  of  earth-sheltering  are  derived  from  climatic  data  which  was 
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cross-checked  with  comfort  zones  indicated  in  a  bio-cllmatic  chart. 

Figure  1  and  the  following  text,  which  refers  to  Figure  1,  are  based  on  that 
>,  report. 

Region  A.  Good  Summer  and  Winter  Suitability.  Cool  to  cold,  cloudy 
winters  maximize  the  value  of  earth-tempering  as  a  heat  conservation 
measure.  Cool  soil  and  dry  summers  favor  subgrade  placement  and 
earth-covered  roofs,  with  little  likelihood  of  condensation. 

Region  B.  Excellent  Summer  and  Winter  Suitability.  Severely  cold 
winters  demand  major  heat-conservation  measures,  even  though  more  sunshine 
is  available  here  than  on  the  coast.  Dry  summers  and  cool  soil  favor  earth- 
covered  roofs  and  ground  coupling. 

Region  C.  Strong  Summer  and  Winter  Benefits.  Good  winter  insolation 
somewhat  lessens  the  need  for  extraordinary  winter  heat  conservation,  but 
the  value  of  the  summer  benefit  is  more  important  here  than  in  the  zone 
above.  Earth-covering  is  advantageous,  the  ground  offers  some  cooling, 
condensation  is  not  a  problem,  and  ventilation  is  not  a  major  necessity. 

Region  D.  Major  Winter  Benefit,  Sumner  Mixed  Blessings.  Cold  and  often 
cloudy  winters  place  a  premium  on  heat  conservation.  Low  summer  ground 
temperatures  offer  a  cooling  source,  but  with  the  likelihood  of 
condensation.  High  summer  humidity  makes  ventilation  the  leading  summer 
climate  control  strategy.  An  above-ground,  superinsulated  structure 
designed  to  maximize  ventilation  is  an  important  alternative. 

Region  E.  Marginal  Winter  and  Summer  Benefit.  General ly^  good  winter  sun 
^  and  minor  heating  demand  reduce  the  need  fur  extreme  heat  conservation 
'  measures.  The  ground  offers  protection  from  overheated  air,  but  not  auijor 
cooling  potential  as  a  heat  sink.  The  primacy  of  ventilation  and  the 
possibility  of  condensation  compromise  sumner  benefits.  Quality  of  design 
will  determine  the  actual  benefit  realized  here. 

Region  F.  Insignificant  Winter  Benefit,  Small  or  Negative  Summer 
Benefit.  Ground  temperatures  can  actually  be  higher  than  the  indoor  ambient 
temperature  at  times  during  the  sunnier  months  with  a  6S*F  (18.1*C)  indoor 
'  temperature.  Although  a  slight  cooling  benefit  can  exist  for  a  78*F  (26*0 
indoor  temperature,  especially  for  large  buildings,  small  buildings  can 
obtain  better  passive  cooling  by  ventilation.  Earth-sheltering  would  reduce 
the  envelopie  heat  gain  for  both  large,  mechanically-ventilated  buildings  and 
I  small  buildings.  However,  even  in  this  respect,  small  buildings  are  better 

i  off  using  passive  ventilation  and  shading.  Persistent  high  humidity  levels 

I  negate  the  value  of  roof  mass  and  establish  ventilation  as  the  only 

important  sumner  cooling  strategy.  Any  design  that  compromises  ventilation 
effectiveness  without  contributing  to  cooling  is  considered 
counterproductive . 

Region  G.  Insignificant  Winter  Benefit.  Marginal  Summer  Benefit.  This 
is  a  transition  area  between  zones  F  and  H.  Comments  for  zones  F  and  H  apply 
here  in  degree.  The  value  of  earth-tempering  increases  moving  westward 
through  this  zone,  and  diminishes  moving  southward. 
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Region  H.  Insignificant  Winter  Benefit,  Uaeful  Sunroer  Advantage.  Sunmer 
ground  temperatures  are  high-,  but  relatively  much  cooler  than  air.  Aridity 
favors  roof  mass,  reduces  the  need  for  ventilation,  and  eliminates  concern 
for  condensation.  The  potential  for  integrating  earth-tempering  with  other 
passive  design  alternatives  is  high. 

Region  1.  Insignificant  to  Marginal  Winter  and  Summer  Benefit. 
Extraordinary  means  of  climate  control  are  not  required  due  to  the  relative 
moderateness  of  this  zone.  Earth-tempering  is  compatible  with  other  winter 
and  summer  strategies,  with  no  strong  argument  for  or  against  it. 

Region  J.  Insignificant  to  Useful  Winter  Benefit,  Marj^inal  to  Useful 
Sumner  Advantage.  Latitude  and  topography  cause  wide  variation  in  local 
climate  and  soil  temperatures.  Generally,  comments  for  zones  C  and  H  apply 
here  in  degree. 
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Section  3.  SITE  EVALUATION 


1.  GENERAL.  This  section  deals  with  site-evaluation  issues  affecting  the 
design  of  earth-sheltered  structures.  The  emphasis  is  on  those  site  issues 
which  are  more  important  or  more  pertinent  for  earth-sheltered  structures 
than  for  conventional  structures. 

2.  SITE  INVESTIGATION  PROCEDURES.  In  an  earth-sheltered  building,  the 
underground  work  may  represent  the  major  portion  of  the  project.  Thus,  poor 
site  investigation  practices  leave  a  large  margin  of  uncertainty  in  the 
total  project  costs. 

Checklists  of  site  investigation  procedures  are  given  below: 

a.  Site  Records.  Existing  records  (legal  and  historical)  should  be 
the  starting  point  for  a  serious  investigation  of  a  site.  Aside  from 
providing  the  legal  description  of  a  site  together  with  any  existing 
agreements  restricting  its  use,  such  a  survey  can  reveal  what  is  likely  to 
be  encountered  on  the  site  in  terms  of  existing  foundations,  utilities,  a 
past  history  of  water  problems,  subsidence,  end  so  forth.  Types  of 
information  that  should  be  included: 

o  Original  plat/survey  information 
o  Easements  (horizontal  and  vertical  extent) 

o  Mineral  rights  (together  with  any  agreement r  as  to  access  from 
the  property) 

o  Existing  topographic  information 

o  Existing  utility  ind  building  infotmation  (discussed  below) 
o  Records  of  seismic  activity  or  zone  clarifications  for  seismic 
design 

o  Existing  surficial  and  bedrock  geologic  informatic't 
o  Existing  foundation  or  soil  reports 
o  Existing  percolation  test  reports 
o  Existing  agricultural  or  planning  studies 
o  Existing  information  on  ground  water  conditions  and  surface 
drainage 

o  Soil  temperature 

The  best  sources  of  this  inform:.''’  n  .rar  vary,  but  the  usual 
sources  include: 

"d  Local,  city,  or  county  engineer's  otficfe 
o  City  or  county  records  departme  .t 
o  Aerial  survey  companies 
o  State  geological  survey  information 
o  United  States  Geological  Survey  maps  and  reports 
o  United  States  Department  of  Agriculture  soils  information 
(usually  shallow  only) 

o  Previous  records  from  nearby  construction 
o  Hell-drilling  records 
o  Drilling  records  of  public  agencies 

o  Technical  papers  on  local  geology,  microclimate,  soil 
conditions,  and  so  forth  (in  nearest  university  library) 
o  Experienced  local  soil-testing  firms  and  consultants  (as  paid 
service)  - 
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o  Government  agency  responsible  for  adjacent  roads  or  nearby 
facilities 

o  Local  weather  reporting  agency 

b.  Existing  Structures  and  Utilities.  Existing  below-grade  structures 
can  idelude  the  following: 

o  Stom  and  sanitary  sewer  lines,  manholes 
o  Water  mains 
o  Gas  lines 

o  Electric  cables  and  vaults 
o  Telephone  cables  and  vaults 
o  Tanks,  septic  tanks,  cisterns 
o  Steam  or  hot-water  lines 
o  Industrial  waste  lines 
o  Fire  lines  or  firetanks 
o  Pipelines 
o  Tunnels 

o  Existing/abandoned  pilings 
o  Old  building  or  equipment  foundations 
o  Age,  condition,  and  depth  of  adjacent  structures 
o  Buried  road  beds 

o  Filled-in  basements  of  old  buildings 
o  Fortifications 
o  Dump-site  locations 
o  Toxic  agents 
o  Buried  explosives 

c.  On-Site  Investigation.  The  on-site  investigation  should  include 
the  following: 

o  Evidence  of  existing  construction 
o  Location  and  mapping  joints  on  any  rock  outcrops 
o  The  existing  canopy  and  understory  vegetation,  location  of 
mature  trees,  and  other  natural  features  to  be  preserved 
o  Changes  in  vegetation  indicating  changes  in  soil  type,  depth  or 
ground  water  conditions 
o  Erodibility  of  soil  on  any  steep  slopes 
o  Potential  views 
o  Obstructions  to  access 

o  Evidence  of  surface  water  drainage  patterns 
o  Adjacent  structures 

o  Verification  of  surface  utility  features  such  as  manholes  or 
power  poles 

Based  on  the  site  inspection,  information  from  existing  maps  and 
records,  and  the  anticipated  siting  of  the  building,  a  soil-boring  program 
should  be  designed  as  outlined  in  NAVFAC  DM-7  Series. 

3.  SITE  INFLUENCES  ON  THE  BUILDING  DESIGN.  The  following  site  conditions 
are  evaluated  in  terms  of  their  relative  impact  on  predesign  decisions. 
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a.  Climatic  Influences.  Since  energy  efficiency  is  a  major  criteria 
for  evaluating  earth-sheltered  buildings,  it  is  important  to  be  aware  of  the 
general  climate  of  the  region  in  which  the  site  is  located  (see  Section  2, 
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:nicroc liraate  of  the  site,  as  detemined  by  the  existing  topography, 

VO  ; -station,  and  surrounding  structures.  These  issues  have  been  analyzed  in 
djtail  by  others.  (See  Reference  2,  Design  with  Climatt.,  by  Olgyay; 
Reference  3,  Man,  Climate  and  Architecture,  by  Givoni;  and  Reference  4, 
Plants,  People  and  Environmental  Quality,  by  Robinette.) 

For  earth-sheltered  buildings,  the  range  in  air  temperature  will 
indicate  the  moderating  potential  of  the  earth.  High  air  temperatures 
indicate  some  earth-cooling  potential.  Although  total  energy  savings  from 
an  underground  location  are  usually  less  in  warmer  climates,  earth-contact 
cooling  may  be  one  of  the  few  passive  techniques  available.  Wind  speeds  and 
humidity  in  combination  with  air  temperature  indicate  the  availability  of 
ccmfort  conditions  in  warm  climates  through  ventilation  strategies. 

These  are  not  always  practical  for  large  buildings  or  where  dust 
and  humidity  must  be  controlled.  The  ground-temperature  information  gives  a 
baseline  comp»rison  with  outsiae  conditions  but  does  not  represent  the 
conditions  in  the  ground  adjacent  to  an  operating  bu..lding.  The  solar 
information  should  indicate  the  importance  of  incorporating  passive  or 
active  solar  strategies  into  the  building  design. 

b.  Environmental  and  Land  Use  Issues.  Environmental  or  land  use 
considerations  very  often  are  complementary  to  the  development  of  an 
earth-sheltered  design.  Occasionally,  thece  factors  will  suggest  an 
earth-sheltered  building  as  the  only  appropriate  solution,  especially  when 
the  preservation  of  natural  surroundings  is  of  primary  importance.  In 
non-urban  areas,  environmental  issues  generally  relate  to  the  potential  of 
earth-sheltered  buildings  to  preserve  existing  ecological  systems. 

c.  Access  and  Building  Services.  A  major  problem  in  the  site 
evaluation  of  an  earth-sheltered  or  underground  facility  is  the  need  to 
provide  adequate  and  efficient  access  to  the  building.  This  usually 
conflicts  with  the  desire  to  blend  the  building  with  the  content  of  the  site 
ond  to  maintain  the  maximum  amount  of  earth-sheltering.  (See  Section  9, 
Space  Planning  and  Programming,  for  access  requirements.) 

A  further  design  problem,  from  an  aesthetic  point  of  view,  is  that 
the  building  elements  which  provide  the  service  and  access  functions,  are 
usually  the  least  attractive  elements  ''f  a  building  and  will,  in  an 
earth-sheltered  structure,  be  among  the  most  visible.  Solutions  to  this 
problem  imply  careful  site  and  building  design  to  allow  as  unobtrusive  a 
service  access  to  the  building  as  possible. 

A  checklist  of  building  access  and  service  items  to  be  considered 
is  given  below: 

o  Pedestrian  access  to  the  building 
o  Pedestrian  access  through  or  across  the  building 
o  Access  for  the  disabled 
o  Service  access 

o  Any  significant  materials-handling  requirements 
o  Equipment  access/removal 
o  bA.terior  storage  areas 
o  Fite  department  access 
o  Overhead  utilities 


o  Surface  utillcies,  for  example,  meters,  transformers,  junction 
boxes,  fire  hydrants 

o  Relative  heights  of  the  lowest  building  level  and  the  storm  and 
sanitary  sewers 
o  Site  drainage 

d.  Sanitary  and  Storm  Sewer.  The  item  on  which  a  lot  of  attention  has 
been  placed  in  the  discussion  of  major  underground  facilities  is  the 
potential  location  of  a  portion  of  the  building  below  the  level  of  the 
community's  sanitary  and  storm  sewer  system.  This  is  not  particularly 
uncommon  in  building  design  and  the  situation  is  handled  by  providing  a  sump 
and  submersible  pumps  to  lift  any  drainage  water  or  sewage  from  the  lowest 
levels  of  the  building.  Sewage  and  water  can  be  pumped  to  considerable 
heights.  It  is  customary  to  provide  standby  power  equipment  for  critical 
installations  and  also  to  provide  duplicate  equipment  where  servicing  would 
exceed  allowable  shut-down  times.  See  Section  17,  paragraph  4  for  further 
requirements.  A  standby  pump  could  be  designed  to  come  in  service  in 
conditions  such  as  drainage  for  firefighting.  Outside  access  for  pump 
suction  pipes  should  be  considered. 

e.  Isolation  and  Protection.  In  general,  an  earth-sheltered  or 
underground  building  will  provide  improved  protection  in  the  following  cases: 

o  Exterior  noise  protection 
o  Low  vibration  requirements 
o  Building  security 
o  Vandalism  protection 

o  Blast  protection  against  exterior  blasts 

o  Protection  to  surrounding  buildings  from  interior  explosions 
o  Tornado  and  hurricane  protection 
o  Earthquake  resistance 
o  Fallout  protection 

£•  Topography .  The  most  desirable  sites  for  minimum  cost  of 

construction  will  generally  be  gently  sloping  sites  of  a  large  size  in 
relation  to  the  building.  Deep  buildings  on  flat  sites  will  inevitably 
involve  substantial  net  excavation,  requiring  either  hauling  or 
redistribution  of  the  excess  on  the  same  site.  Steep  slopes  should  not 
always  be  construed  as  disadvantageous  for  earth-sheltered  buildings.  In 
fact,  a  series  of  narrow  earth-sheltered  buildings  ejan  make  effective  use  of 
steep  slopes  which  would  otherwise  be  almost  unbuildable. 

g.  Ground  Conditions/Ground-Water  Conditions.  jGround  conditions  will 
determine  the  ease  of  excavation,  the  bearing  capacity  of  foundations, 
lateral  pressures  for  design,  and  the  suitability  of  khe  excavated  material 
for  backfilling.  Special  consideration  must  be  given! to  the  effects  of 
earthen  load  relative  to  potential  consolidation.  Larger  loaded  areas  will 
transmit  pressures  to  deeper  depths.  1 


Sand  or  gravel  is  usually  recommended  for  backfilling  around  an 
underground  structure  for  three  reasons:  (1)  it  is  easy  to  compact,  (2)  it 
provides  good  drainage,  and  (3)  it  provides  more  predictable  and  lower 
lateral  pressure  when  drained.  If  sand  and  gravel  are  not  available  on  the 
site,  they  can  be  brought  to  the  site  in  limited  quantities  for  the 
immediate  backfilling  of  the  walls.  If  this  is  not  economical  owing  to  very 
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great  hauling  distances,  the  walls  may  need  to  be  designed  for  higher 
lateral  pressures  and  drainage  provided  adjacent  to  the  wall  using  a 
drainage  mat.  See  Section  7,  paragraph  3  for  further  discussion. 

Rock  conditions  within  the  excavation  will  necessitate  a  change  in 
excavation  method.  Rock  ripping  or  drilling  and  blasting  are  both  usually 
substantially  more  expensive  than  soil  excavation.  To  some  extent  blasting 
costs  can  be  offset  by  the  elimination  of  temporary  retaining  walls,  which 
are  not  usually  required  for  excavation  in  competent  rock.  This  aspect  can 
be  significant  for  deep  buildings  on  small  sites  but  blas'ting  will  usually 
be  subject  to  restrictions  to  protect  adjacent  structures.  The  larger  types 
of  excavating  equipment  available  today  are  able  to  rip  most  weathered  rock 
and  even  jointed  layers  of  quite  competent  rock.  Ripping  and  blasting  are 
both  more  feaslblle  on  large  than  on  small  sites.  A  bedrock  layer  thit 
slopes  across  the  site  will  require  careful  foundation  design  to  ensure  even 
settlement  of  building  foundations. 

The  presence  of  ground-water  levels  within  the  planned  building 
depth  will  always  complicate  the  building  design  and  construction  and, 
hence.  Increase  Its  cost.  There  are  two  main  options:  (1)  draining  the  soil 
and  drawing  down  the  water  level,  or  (2)  completely  waterproofing  the 
foundation  and  floor. 

If  the  building  Is  to  be  fully  waterproofed.  It  must  be  designed  to 
counter  buoyancy  and  to  withstand  the  lateral  water  and  soil  pressures. 
Buoyancy  may  be  countered  by  one  of  the  following:  (1)  providing  a  thick, 
mass  concrete  floor,  (2)  tying  the  building  down  to  a  rock  layer  below  using 
drilled  anchors,  or  (3)  by  using  an  extension  of  the  floor  slab  beyond  the 
building  walls  to  mobilize  the  weight  of  the  soil  mass  above  this  portion  of 
the  slab. 

h.  Excavation  Costs.  Several  factors  affect  the  cost  of  excavation 
and  the  temporary  and  pezmanent  retaining  walls  required.  Excavation  Is 
cheapest  when  the  excavated  material  can  be  loaded  directly  by  large 
capacity  equipment  onto  trucks  or,  better  still,  stockpiled  (on  a  large 
site)  for  use  as  backfill.  Costs  Increase  when  conditions  are  not  Ideal,  as 
Indicated  by  the  following  examples: 

o  Costs  are  higher  for  deep  excavations  where  trucks  cannot  drive 
to  the  bottom  of  the  excavation  and  a  lerge  portion  must, 
therefore,  be  excavated  by  drag  line  or  bucket. 

o  An  excavation  where  the  progress  Is  top  slow  to  allow  continuous 
operation  of  trucks  may  cause  stockpiling  and  double  handling  of 
material. 

o  Excavation  sites  with  Insufficient  adjacent-site  area  may  result 
In  Inefficient  use  of  equipment  due  to  access  problems  and  a 
lack  of  storage  area. 

o  Costs  are  higher  for  excavations  requiring  extensive  temporary 
retaining  walls. 

o  Costs  are  higher  for  excavations  which  extend  below  the 
foundation  levels  of  nearby  structures. 
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Section  4.  BUILDING  TYPE  EVALUATION 


1.  GENERAL.  Some  building  types  are  more  suitable  to  earth-sheltering  than 
others.  This  section  identifies  the  relative  advantages  and  disadvantages 
of  earth-sheltering  for  various  types  and  sizes  of  buildings. 

2.  HIGH  INTERNAL  HEAT  LOADS.  Building  functions  that  tend  to  have  high 
internal  heat  loads  include  data-processing  rooms,  communication  facilities, 
food-preparation  facilities,  and  similar  functions.  Often,  the 
heat-producing  portions  of  these  buildings  will  require  cooling  year  round. 
Where  these  functions  are  located  in  separate  mechanical  zones  away  from  the 
perimeter  of  the  building,  earth-sheltering  will  not  affect  the  energy 
requirements  for  those  portions  of  the  building  significantly.  If  the 
heat-producing  zones  are  located  on  the  perimeter,  energy  savings  can  be 
achieved  for  those  zones.  However,  even  in  the  most  optimal  design 
considerations— a  zone  with  maximum  earth-contact  and  cold  ground 
temperatures— heat  loss  from  the  earth-contact  surfaces  may  be  one  or  two 
orders  of  magnitude  smaller  than  the  internal  heat  generated  by  people, 
lights,  and  equipment.  If  the  cooling-load  profile  is  variable  in  nature 
(for  example,  a  conference  room  which  is  not  always  occupied),  the  heat  loss 
to  the  earth-contact  surfaces  will  serve  to  dampen  the  peak  cooling  load, 
thus  reducing  cooling  equipment  capacities,  leading  to  lower  first  costs  in 
mechanical  equipment  and  higher  operating  efficiencies.  It  is  essential 
that  not  only  the  integrated  annual  energy  performance,  but  also  the 
instantaneous  energy  performance  of  the  building  be  considered  when 
quantifying  the  thermal  benefits  available  from  earth-sheltering. 

3.  MODERATE  INTERNAL  HEAT  LOADS.  Buildings  characterized  as  havi:^ 
moderate  internal  heat  loads  include  offices,  housing,  medical  facilities, 
and  educational  facilities.  Buildings  of  this  type  are  all  conducive  to 
earth-sheltering  depending  on  other  variables  such  as  climate. 

4.  BUILDINGS  WITH  MINIMAL  HEATING  REQUIREMENTS.  Buildings  with  minimal 
heating  requirements  are  best  represented  by  dry-storage  warehouses.  A 
typical  ambient  air  temperature  for  such  facilities  may  be  55*F  (12.8*C). 
Such  buildings  do  not  easily  achieve  long-term  economy  by  earth-sheltering. 
This  is  because  the  lower  the  indoor  ambient  temperature,  the  lower  will  be 
the  energy  savings  in  the  heating  seasons.  Also,  dry-goods  warehouses  are 
usually  not  air  conditioned;  thus,  the  cooling  benefits  associated  with 
earth-sheltering  will  not  serve  to  offset  the  operating  costs  of  that  kind 
of  building. 


Refrigerated  warehouses  have  the  potential  to  benefit  from 
earth-sheltering  in  several  ways.  First,  the  earth  acts  as  a  temperature 
oioderator,  reducing  heat  gains  to  the  refrigerated  spaces.  As  a  result, 
cooling  loads  will  be  reduced  and  refrigeration  equipment  will  operate  under 
store  stable  cooling  loads,  resulting  in  higher  operating  efficiencies. 

Second,  in  the  event  of  a  power  or  equipment  failure,  the  warehouse  will 
siaintain  its  design  temperature  for  a  longer  period  of  time  than  would  a 
lightweight  structure,  thus  minimizing  the  need  for  backup  cooling  equipment. 


5.  ROOF-DOMINANT  BUILDINGS 
ratios  greater  than  unity. 


Roof-dominant  buildings  have  roof  to  wall  area 
From  the  point  of  view  of  life-cycle  cost. 
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roof-dominant  buildings  have  less  to  gain  by  earth-sheltering  than  buildings 
with  small  roof  areas.  VIhen  land  costs  are  not  a  factor  in  the  life-cycle 
coat  analysis,  life-cycle  savings  will  not  normally  be  achieved  by 
earth-sheltering  the  roof.  In  this  case,  depths  of  earth  cover  that  would 
have  a  thermal  mass  close  to  the  thermal  mass  obtainable  at  the  wall,  are 
not  economically  achievable  due  to  the  high  structural  costs  for  supporting 
the  additional  weight.  Consequently,  the  mechanical  savings  per  unit  of 
construction  cost  of  the  building  envelope  will  be  much  lower  for  roof  areas 
than  for  wall  areas. 


k\-i 


In  northern  climates,  an  earth-sheltered  alternative  to  a  conventional 
single-story  building  will  have  better  life-cycle  results  as  a  three-story 
building  than  as  a  one-story  building.  Even  better  life-cycle  results  will 
be  obtained  for  earth-sheltering  a  building  that  would  otherwise  be 
multistory  in  its  conventional  form.  In  scjthem  climates,  a  multistory 
earth-sheltered  building  will  normally  not  be  a  life-cycle  improvement  over 
a  one-story  conventional  building. 

6.  VENTILATION  AND  INFILTRATION-DOMINANT  BUILDINGS.  In  conventional 
buildings,  uncontrolled  infiltration  is  often  the  single  largest  factor 
contributing  to  the  heating  loads.  Infiltration  occurs  at  building  joints, 
roof  edges,  windows,  and  doors.  Infiltration  rates  can  be  improved  by 
appropriate  detailing  and  by  the  selection  of  products  with  better 
infiltration  performance.  Infiltration  at  entrances  can  be  decreased  by 
using  revolving  doors  and  vestibules  instead  of  single-swing  doors.  To  a 
large  extent,  however,  infiltration  through  the  building  envelope  is  a 
matter  of  quality  control.  Earth-sheltering  effectively  eliminates 
infiltration  without  regard  to  quality  control.  Where  the  amount  of 
fenestration  can  be  reduced  below  normal  requirements,  infiltration 
reduction  by  earth-sheltering  will  often  be  the  most  significant 
contribution  to  the  life-cycle  savings  for  buildings  in  northern  climates. 
Buildings  with  low  heating  loads,  and  therefore  buildings  that  are  not 
infiltration-dominant,  will  not  achieve  as  significant  a  reduction  in  energy 
costs. 

The  heat  losses  or  gains  due  to  the  introduction  of  outside  air  into  an 
occupied  space  for  ventilation  purposes  usually  comprise  a  major  portion  of 
the  total  load.  Any  energy  saving  potential  of  underground  space  can  easily 
be  offset  by  ventilation  requirements  of  the  building.  It  is  important  that 
the  ventilation  load  (amount  of  outside  air  introduced  into  the  building)  be 
minimized.  Refer  to  the  recommended  levels  of  ventilation  air  as  set  forth 
by  American  Society  of  Heating,  Refrigerating  and  Air-Conditioning  Engineers 
Standard  62-1981  (See  Reference  5,  ASHRAE  Standard  62-1981).  Minimizing 
ventilation  requirements  will  certainly  enhance  the  energy  saving  potential 
of  underground  space.  Energy  recovery  systems  have  the  potential  to  recover 
30  to  60  percent  of  the  energy  lost  through  ventilation. 

7.  MEatANICAL  ZONING  OF  THE  BUILDING.  The  mechanical  zoning  of  a  building 
has  an  important  effect  on  the  relative  energy  performance  of  an 
earth-sheltered  building.  Buildings  having  discrete  mechanical  zones  with 
little  or  no  thermal  interaction  between  zones  cannot  be  earth-sheltered  to 
reduce  energy  loads  on  interior  zones.  Consequently,  such  buildings  can 
make  the  most  of  earth-shaltering  by  locating  the  zones  with  the  highest 
energy  requirements  on  the  perimeter  of  the  building.  It  may  also  be 
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possible  to  recycle  air  from  zone  to  zone  to  achieve  greater  thermal 
interaction  between  earth-sheltered  zones  and  npn-earth-sheltered  zones, 
though,  the  parasitic  power  costs  associated  with  moving  air  from  zone  to 
zone  may  offset  the  energy  savings.  The  use  of  heat  pumps  between  zones 
having  opposite  cooling  or  heating  requirements  may  also  be  a  consideration. 

8.  BUILDING  SIZE.  The  size  in  total  floor  area  of  a  building  affects  at 
least  four  other  variables.  These  are:  roof-dominance,  life-safetv  costs, 
perimeter  requirements,  and  mechanical  zoning  arrangement.  In  general,  the 
smaller  and  more  compact  the  building,  the  more  these  variables  will  work  to 
improve  the  life-cycle  economy  of  earth-sheltering.  Generally,  a  smaller 
earth-sheltering  building  with  a  smaller  roof  area  will  be  more  effectively 
earth-sheltered  than  a  building  with  a  larger  roof  area. 

a.  Large  Buildings.  As  the  size  of  a  building  increases,  the  life- 
safety  requirements  for  the  number  of  exits  increases.  Further,  if  the 
depth  from  a  windowless  wall  is  increased  beyond  certain  limits,  additional 
fire  access  panels  or  an  automatic  fire-extinguishing  system  may  be 
required.  Large  buildings  will  tend  to  have  more  zones  without  earth 
contact  than  smaller  buildings.  The  ratio  of  earth-contact  zones  to 
non-earth-contact  zones  can  be  increased,  however,  by  increasing  the  length- 
to-width  ratio  of  the  building.  The  economic  trade-off  will  be  the 
increased  initial  costs  for  the  additional  wall  area.  In  large  buildings, 
earth  contact  will  have  little  impact  on  the  heat  flux  through  the  floor  for 
zones  located  away  from  the  perimeter. 

b.  Small  Buildings.  If  a  building  is  small  enough,  fenestration  on 
one  side  (which  may  be  used  for  passive  solar)  may  adequately  serve  most  of 
the  building  area.  Smaller  buildings  will  have  a  smaller  volunu  of 
independent  interior  mechanical  zones.  Thus,  more  of  the  zones  will  be  able 
to  take  advantage  of  eartn-sheltering.  In  very  small  structures  without 
interior  zones,  the  earth-sheltered  building  can  be  arranged  to  provide  all 
e:;iting  and  natural  light  requirements  on  a  south-facing  wall  which  also 
takes  advantage  of  passive  solar.  Passive  solar  and  earth  contact  in 
residential-size  buildings  will  affect  all  zones  of  the  building.  At  this 
scale,  the  structural  bay  becomes  small  enough  to  make  earth-cover  on  the 
roof  less  expensive.  However,  in  warm  humid. climates  where  small 
conventional  buildings  would  normally  take  advantage  of  passive  cooling, 
earth-sheltering  will  not  have  an  advantage.  In  such  climates,  the  most 
effective  means  of  passive  cooling  will  be  by  cross-ventilation  rather  than 
by  earth  contact. 

9.  LEVELS  OF  TECHNOLOGY.  Building  size  normally  correlates  with  the  type 
of  construction.  At  one  end  of  the  scale,  large  buildings  will  normally  be 
constructed  out  of  reinforced  concrete  or  structural  steel;  at  the  other 
end,  the  building  may  be  based  on  hammer-and-nail  technology.  A  rough  line 
divides  these  buildings  into  what  can  be  termed  "institutional"  and 
"domestic"  types  of  construction.  Domestic  construction  is  inherently  less 
expensive  both  in  terms  of  labor  and  materials.  Environmental  controls  are 
less  exact.  Small  earth-sheltered  projects  which  would  normally  be 
associated  with  a  less  sophisticated  construction  are  often  drawn  into  an 
institutional  type  of  technology.  Thus,  on  very  small  projects,  the 
possible  costs  of  shifting  to  a  different  technology  must  be  considered  in 
the  life-cycle  cost  analysis. 
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10.  SPECIAL  PERIMETER  REQUIREMENTS.  Buildings  that  have  special 
requirements  for  access,  such  as  warehouses,  may  not  be  able  to  take 
advantage  of  earth-sheltering  on  all  sides.  The  requirement  for  natural 
light  and/or  views  at  exterior  walls  also  conflicts  with  earth-sheltering. 

In  soue  instances,  the  sill  height  can  be  raised  above  berm  height. 

Skylights  and  atriums,  which  are  provided  to  make  up  for  natural  light  lost 
at  the  exterior  walls,  must  be  carefully  analyzed  for  energy  loss  and 
additional  construction  cost.  Interior  planning  should  include  the  possible 
use  of  borrowed  lights  to  more  economically  distribute  available  natural 
light. 

11.  LIFE-SAFETY  REQUIREMENTS.  Windowlees  and  underground  space  is  at  a 
disadvantage  from  a  life-safety  point  of  view.  Most  of  the  exterior  walls 
will  not  be  accessible  for  firefighting.  Exiting  in  an  upward  direction  is 
more  difficult.  Without  proper  mechanical  measures,  ssioke  will  tend  to 
accumulate  in  the  upper  portions  of  the  building  and  clog  exit  ways.  In 
order  to  offset  these  disadvantages  and  maintain  the  same  degree  of  safety, 
automatic  fire-extinguishing  systems,  refuge  areas,  compartmentalization, 
pressurization,  and  smoke  removal  by  mechanical  means  often  must  be 
provided.  These  requirements  may  increase  the  initial  construction  cost. 
Buildings  which  would  ordinarily  have  such  features  as  the  automatic  fire¬ 
extinguishing  system  and  pressurized  st  irwells,  will  consequently  be  more 
cost  effective  as  earth-sheltered  buildings  than  facilities  which  would  not 
otherwise  have  these  features  (see  Section  12,  Fire  Protection  and  Life 
Safety). 
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Section  5.  LIFE-CYCLE  COST  EVALUATION 


1.  GENERAL.  An  evaluation  of  the  economy  of  earth-sheltering  must  be  based 
on  a  life-cycle  cost  analysis  which  conforms  to  NAVFAC  P-442,  Economic 
Analysis  Handbook  (see  Criteria  Sources).  This  section  identifies  the 
analysis-sensitive  variables  and  overall  life-cycle  trends  for  various  types 
of  earth-sheltered  facilities. 

2.  INITIAL  COSTS.  Initial  costs  include  all  one-time  expenditures  incurred 
for  financing  construction  and  any  related  costs  such  as  land  acquisition. 

a.  Construction  Scheduling.  Consideration  must  be  given  to  the 
duration  of  the  construction  phase,  seasonal  timlr^,  and  mechanical  systems 
start-up. 

b.  Land  Costs.  Occasionally,  where  a  value  can  be  assigned  to  land, 
and  where  there  la  a  programmatic  requirement  or  a  future  requirement  for 
open  space,  the  relative  cost  for  land  must  be  Included  in  the  life-cycle 
analysis. 


This  can  be  either  a  negative  or  a  positive  factor.  For  Instance, 
if  there  are  no  present  or  future  requirements  for  open  space  (parking, 
parade  fields,  parks,  and  so  forth),  a  bermed  building  plus  the  related  site 
work  may  require  more  land  area  than  the  conventional  alternative.  If,  on 
the  other  hand,  the  program  requires  a  parade  field  which  can  be  located  on 
the  roof,  the  total  land  area  for  the  project  may  be  reduced. 

c.  Excavation.  Excavation  costa  for  earth-sheltered  buildings  can 
Increase  significantly  over  conventional  buildings.  Particular  attention 
should  be  given  to  possible  shoring  and  underpinning  costs.  Excavation 
below  a  water  table  will  result  in  additional  costs  for  dewatering. 

Determine  if  material  will  have  to  be  hauled  from  the  site. 

d.  Earthwork.  Buildings,  with  extensive  bermlng  and/or  earth  cover 
will  Involve  moving  greater  volumes  of  soil.  Due  to’ the  method  of  placement 
and  compaction  requlrementa,  unit  costs  for  placing  soil  against  the 
building  will  be  higher  than  normal  grading  unit  costs.  Unit  costs  for 
placing  soil  on  the  roof  will  also  be  higher.  In  addition  to  the  placement 
of  soil,  materials  such  as  soil  separators,  gravel,  and,  in  some  instances, 
irrigation  systems,  must  be  accounted  for.  Determine  what  materials  and 
quantities  will  have  to  be  hauled  to  or  from  the  site. 

e.  Planting  and  Ground  Cover.  Ground  cover  will  be  more  expensive  to 
Install  than  grass,  but,  the  maintenance  costs  may  be  lower, 

f.  Civil.  Consideration  should  be  given  to  costs  for  additional 
paving  required  to  meet  existing  road  elevations,  area  drains,  sumps, 
additional  storm  sewer,  and  retaining  walls. 

g.  Architecture!.  The  possible  need  for  parapet  walls,  guardrails, 
and  special  security  measures  (at  skylights,  for  example)  should  be 
considered.  Roof  edge  details  may  be  more  costly  for  structures  bermed  only 
to  the  roof.  Reduction  of  above-grade  exterior  finishes  and  windows  will 
result  in  significant  initial  savlngr  depending  on  the  relative  cost  of 
exterior  wall  systems. 
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Consider  the  possibility  of  increased  insulation  thickness  over  the 
aaounts  required  for  the  conventional  structure.  Because  insulation  is 
usually  more  economically  installed  below-grade  than  above-grade,  additional 
amounts  of  belotr-grade  insulation  may  have  a  life-cycle  cost  benefit  that  is 
not  as  attainable  above-grade. 

Waterproofing  will  normally  be  a  more  significant  factor  in 
earth-sheltered  buildings  than  in  above-grade  buildings.  A  distinction 
should  be  made  between  "dampproofing"  and  waterproofing.  .^termine  if 
waterproofing  is  required  below  the  floor  slab. 

Consider  additional  costa  for  an  automatic  fire  extir-uishing 
system  and  sanke  removal  systems.  Requirements  for  compartmentalisation  and 
refuge  areas  will  increase  architectural  costs. 


h.  Structural.  Banned  single-story  buildings  may  achieve  reductions 
in  the  depth  of  frost  footings.  Earth-covered  roofs  will  increase  the 
structural  costs  for  roof  framing,  columns,  and  footings.  Lateral  pressure 
will  effect  the  thickness  and  reinforcing  of  perimeter  walls.  Structures 
designed  for  buoyancy  will  have  additional  foundation  and  floor-slab  costs. 
Column  spacing  may  be  different  for  buildings  with  earth-covered  roofs. 
Perimeter  columns  may  be  fewer  or  even  eliminated  with  cast-in-place 
concrete  walls.  Unconventional  structural  systems  such  as  long-span 
concrete  barrel  vaults  may  be  especially  cost-effective  in  a  below-grade 
application  with  earth  cover  on  the  roof.  See  Section  16,  Structure. 

i.  Mechanical.  Equipment  and  distribution-system  costs  will  be  lower 
based  on  lower  peak  design  loads.  Reduced  mechanical  costs  typically 
represent  a  major  savings  for  earth-sheltered  buildings.  In  cases  where  the 
sanitary  sewer  is  higher  than  the  lowest  floor,  additional  costs  may  include 
sewage  ejection. 

3.  FUTURE  ADDITIONS.  If  the  facility  requires  future  expansion,  the  costs 
of  expansion  will  likely  be  higher  for  an  earth-sheltered  building.  The 
extent  of  the  additional  work  involved  in  below-grade  connections  oust  be 
estimated.  (This  amount  must  be  increased  for  inflation  to  the  probable 
year  of  the  addition  and  then  discounted  to  present  worth.) 

4.  MAJ(^  REPAIRS.  Major  repairs  for  both  the  conventional  building  and  the 
earth-sheltered  building  must  be  inflated  and  discounted  in  the  same  way. 
Roof  repairs  for  an  Mrth-covered  building  will  be  highor  than  repairs  for 
conventional  roofs.  ^However,  if  the  roof  membrane  is  guaranteed  by  the 
contractor  for  a  number  of  years  and  if  the  repair  costs  borne  by  the 
contractor  include  repioval  and  replacement  of  the  earth-cover,  then  repair 
costs  will  likely  be  higher  for  the  conventional  roof.  Once  leaks  have  been 
discovered  and  repaired  within  the  guarantee  period,  the  membrane  roofing  on 
an  earth-sheltered  building  should  perform  better  than  the  conventional 
built-up  roof  over  a  i,5-year  period.  Further,  the  built-up  roof  will 
normally  have  to  be  replaced  within  the  life-cycle  cost  period.  The 
replacement  year  will  vary  according  to  the  type  of  the  roof  construction 
and  exposure,  but  in  any  case,  replacement  of  the  built-up  roof  should 
constitute  a  major  lifecycle  advantage  for  the  earth-covered  roof. 
Replacement  of  mtal  coping,  flashing,  scuppers,  and  downspouts  should  also 
be  taken  into  account.  Replacement  of  mechanical  and  electrical  equipment 
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will  tend  to  favor  earth-sheltering.  Tuckpointing,  painting,  caulking,  and 
patching  should  be  included  for  above-grade  walls  if  applicable. 

5.  OPERATIONAL  ENERGY  COSTS.  Energy  costs  must  be  calculated  for  both  the 
conventional  and  earth-sheltered  alternative.  Costa  for  heating  and  cooling 
will  normally  be  substantially  lower  for  the  earth-sheltered  building. 
Electrical  costs  for  lighting  can  be  considered  to  be  the  same  as  for  the 
conventional  building  unless  it  can  be  demonstrated  that  lighting  levels  in 
the  conventional  structure  would  be  reduced  due  to  the  availability  of  more 
natural  light.  Electricity  coats  for  fan  energy  may  or  may  not  be 
significantly  reduced,  depending  on  ventilation  requirements  and  the  type  of 
air  handling  system.  All  energy  costs  must  be  reduced  to  cumulative 
discounted  worth. 

6.  MAINTENANCE  AND  OTHER  OPERATIONAL  COSTS.  Maintenance  costs  are  annually 
recurring  expenses  and  must  be  reduced  to  cumulative  discounted  worth. 

Often  the  greatest  differences  in  maintenance  costs  will  be  for  irrigation 
water  and  mewing,  pruning,  and  fertilization  for  grass  and  ground  cover. 
Other  affected  costs  include  window  cleaning.  Operational  costs  for 
security  may  be  reduced  depending  on  surveillance  requirements.  Insurance 
costs  win  not  normally  be  applicable  to  Navy  facilities. 

7.  GENERAL  TRENDS.  Buildings  in  northern  climates  are  economically  bermed 
half-way  up  the  exterior  wall.  This  eliminates  fmmdntion  work  between  the 
floor  slab  and  the  frost  footing.  These  construction  savings  may  be  offset, 
however,  if  the  portion  of  the  wall  below  grade  must  be  designed  as  a 
cantilever  retaining  wall. 

Earth-covered  buildings  that  prove  to  be  economical  will  usually  achieve 
life-cycle  economy  by  energy  savings  attributable  to  the  earth-contact  of 
the  walls.  An  earth-covered  building  that  uses  conventional  structural 
systems  may  not  be  more  economical  than  a  fully  bermed  building.  There  are 
obvious  exceptions,  including  those  buildings  that  achieve  a  reduction  in 
land  costs  by  utilization  of  the  roof  area. 

Compact  buildings  with  low  roof-to-wall  area  ratios  will  tend  to  be  more 
economically  earth-sheltered  than  buildings  with  large  roof-to-wall  area 
ratios  (See  Section  4,  Building  Type  Evaluation). 


Earth-sheltered  buildings  in  very  mild  climates  are  usually  not 
justifiable  on  an  economic  basis  alone.  The  less  energy  at  stake,  the  less 
likely  that  earth-sheltering  will  have  a  life-cycle  advantage. 

The  inclusion  of  an  automatic  fire-extinguishing  system  in  an 
earth-sheltered  building  will  be  a  significant  set  back  to  life-cycle 
savings  if  the  conventional  building  (used  as  a  basis  in  the  analysis)  does 
not  have  such  a  system.  Construction  below  a  water  table  will  have  a 
similar  impact  on  the  life-cycle  results. 

If,  in  a  northern  climate,  the  life-cycle  basis  is  a  building  that  has 
high  rates  of  uncontrolled  infiltration,  major  savings  will  usually  be 
realized  by  earth-sheltering. 

8.  MARGIN  OF  ERROR.  Regardless  of  the  accuracy  of  the  cost  estimate  for 


the  alternatives  under  consideration,  these  values  will  be  combined  with 
gross  estimates  for  fuel  and  electricity  escalation  rates  and  discount 
factors  (see  NAVFAC  P-442).  Over  a  25-year  period,  a  difference  of  3 
percent  in  thv'  chosen  discount  factor  wilfl  make  a  difference  of  as  much' as 
30  percent  in  energy  savings  and  this  is  also  true  of  fuel  escalation  rates. 

9.  INTANGIBLE  CONSIDERATIONS.  In  comparing  earth-sheltered  buildings  irith 
above-grade  buildings,  a  number  of  factors  to  be  considered  that  are  not 
readily  translated  into  cost.  These  include  exterior  noise  reduction,  blast 
and  vibration  resistance,  and  aesthetic  and  psychological  considerations. 
Thus  benefits  may  be  realized  that  are  not  specifically  required  by  the 
building  program. 

All  life-cycle  cost  comparisons  involving  earth-sheltered  buildings  must 
be  accompanied  by  a  qualitative  description  of  the  aesthetic,  prograsaatic , 
psychological,  and  lighting  implications  of  the  proposed  design.  The 
criteria  in  Sections  6,  9,  10,  and  11  should  be  used  as  a  checklist  for  this 
report. 
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Section  6.  SITE  CONTEXT 

1.  GENERAI4.  This  section  discusses  the  visual  relationship  of  earth- 
sheltered  buildings  and  their  surroundings.  Selected  examples  of  situations 
that  are  common  to  earth-sheltered  buildings  are  included. 

2.  BASIC  RESPONSES  TO  CONTEXT.  The  following  conditions  must  be  considered 
in  response  to  context. 


a.  Nature.  Earth-sheltered  buildings  are  readily  integrated  with  the 
natural  surroundings.  An  extreme  version  of  this  is  the  entirely  submerged 
building.  Where  it  is  desirable  to  eliminate  all  exposed  walla,  an  atrium 
may  be  necessary  for  natural  light,  ventilation,  and  exits.  An  atrium 
allows  nature  to  be  reintroduced  at  the  interior  of  the  building  to  replace 
the  views  lost  at  the  perimeter.  . 


b.  Reference.  A  large  earth-sheltered  building  can  contribute  to  the 
reference  system  by  creating  a  well-defined  open  space.  For  instance,  the 
roof  of  an  earth-sheltered  building  can  be  designed  as  a  central  parade 
ground. 

With  regard  to  visual  hierarchy,  earth-sheltered  buildings  are 
initially  at  a  disadvantage.  This  is  obvious  in  terms  of  the  facade — often, 
an  earth-sheltered  building  will  have  fewer  exterior  elements  for 
manipulation. 

Without  proper  attention,  the  building  services  and  mechanical 
features  of  earth-sheltered  buildings  will  tend  to  be  more  prominent. 
Exterior  access  for  the  replacement  of  mechanical  equipment,  access  for 
trash  removal,  mechanical  louvers,  meters,  vents,  and  boiler  flues  must  all 
be  located  above  grade.  Such  features  should  not  be  allowed  to  become  more 
dominant  than  the  building  entrance. 

A  similar  problem  can  occur  with  the  parking  lot.  If  an 
unobtrusive  earth-sheltered  building  is  directly  juxtaposed  to  the  parking, 
the  building  can  visually  become  an  accessory  to  the  parking  rather  than  the 
other  way  around.  Hierarchical  articulation  of  the  building  form  and  visual 
reinforcement  of  the  approach  to  the  building  will  mitigate  this  problem. 

c.  Coherence.  Coherence  is  best  explained  as  a  condition  that 
complies  with  an  expected  arrangement.  If  a  new  facility  is  added  to  a 
base,  a  degree  of  coherence  can  be  maintained  by  incorporating  similar 
building  materials. 
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If  the  building  is  earth- sheltered,  it  is  quite  possible  that  the 
form  of  the  building  will  not  have  coherence  in  terms  of  the  way  it  meets 
the  ground.  For  the  above-grade  portions  of  the  building,  however,  the 
designer  has  recourse  to  using  materials  that  are  similar  to  the  materials 
used  on  existing  adjacent  buildings. 

In  an  urban  environment,  coherence  is  maintf;ined  with  respect  to 
the  streets  and  lot  lines.  A  conventional  building  which  would  normally 
exceed  the  established  building  height  or  bulk  if  built  entirely  above-grade 
can  be  lowered  by  providing  a  number  of  sub-grade  levels.  This  strategy  not 
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only  takes  advantage  of  earth-sheltering  but  allows  the  building  cornice 
line  to  natch  the  existing  cornice  lines.  It  is  imperative  that  an 
earth-sheltered  building  follow  the  established  setback  pattern  with  its 
perceived  above-grade  mass.  By  doing  so,  the  new  building  will  contribute 
to  the  definition  of  the  street  and  will  appear  to  be  conventional  in  terms 
of  its  street  image.  The  above-grade  portion  will  complete  the  street  while 
the  below-grade  portion  will  take  full  advantage  of  earth-shf Itering. 

In  general,  coherence  with  adjacent  buildings  is  less  critical  in 
non-urbanized  environments,  but,  there  are  circumstances  where  it  should  be 
addressed.  For  instance,  along  a  shoreline  or  other  natural  boundary,  it 
will  normally  be  desirable  to  preserve  the  continuity  of  this  rui.tural  edge. 
An  earth-sheltered  building  has  a  strong  potential  in  this  regard.  Further, 
a  submerged  building  may  allow  a  view  that  would  otherwise  be  blocked.  In 
some  instances  the  roof  of  the  building  may  serve  as  an  overlook  or  an 
esplanade. 

d.  Identity.  Fosiuive  identities  should  be  reinforced  rather  than 
disrupted.  Where  a  group  of  buildings  have  characteristics  that  promote  a 
positive  identity,  the  above-grade  portions  of  an  earth- sheltered  building 
can  be  designed  to  reinforce  that  identity.  In  the  process,  any  negative 
associations  of  underground  space  will  be  improved  by  this  external  identity 

e.  Tradition.  Certain  traditional  building  features,  such  as 
fenestration,  porticos,  and  cornice  lines  indirectly  communicate  the  status 
of  the  building,  how  it  is  to  be  approached,  and  how  it  is  to  be  used.  In 
terms  of  the  approach  to  a  building,  two  features — stairs  and  the 
foundation — have  particular  significance  for  earth-sheltered  buildings. 

An  ascending  flight  of  stairs  has  a  strong  subconscious  impact. 
Ascent  before  enter. ig  has  a  preparatory  effect.  Raising  the  entrance  above 
the  ground  lends  importance  to  the  building.  Most  important  of  all,  it 
correlates  with  the  direction  that  has  a  positive  psychological  identity. 

In  much  modern  architecture,  the  exterior  flight  of  stairs  is 
omitted — in  part  because  of  such  practical  considerations  as  the  economy  of 
slab-on-grade  construction  and  handicap  access.  Without  proper  design, 
earth-sheltered  buildings  can  compound  this  problem.  Mot  only  is  the 
preparatory  ascent  missing,  but  the  ultimate  direction  is  now  downward. 

Often,  on  sloping  sites,  a  horizontal  approach  can  be  easily 
acconsodated.  For  a  multistory,  earth-sheltered  building,  a  horizontal 
approach  is  usually  simple  to  achieve,  especially  when  all  or  part  of  the 
top  story  is  above-grade.  On  flat  sites,  this  condition  can  be  obtained  by 
designing  the  building  so  that  the  downward  path  is  contained  within  tha 
building. 

The  expression  of  the  foundation  has  traditionally  served  a  purpose 
similar  to  the  exterior  stair.  A  foundation  allows  the  building  to  be 
perceived  as  being  special  and  disassociated  from  the  ground.  Preisodern 
buildings,  especially,  delineated  a  buffer  zone  between  the  main  floor  and 
the  ground.  In  much  modern  architecture,  the  articulation  of  the  base  is 
omitted,  partly  due  to  the  economy  of  construction  and  partly  due  to 
prevailing  aesthetic  theory.  The  lack  of  the  base  delineation,  which  can  be 


-  XII  cvuveiiuxunaj.  Duxiaxngs,  lu  usually  critical  to 

the  perception  of  earth-sheltered  buildings.  Normally,  earth-sheltered 
buildings  cannot  meet  the  ground  through  the  transition  of  a  base;  instead 
they  comprise  what  was  traditionally  the  base  itself.  The  earth-sheltered 
building,  consequently,  becomes  aethestically  and  psychologically  associated 
with  the  base  and  with  basements. 

There  are  two  basic  strategies  for  correcting  this  condition. 

First,  in  a  context  where  coherence  with  adjacent  buildings  is  not 
crucial,  the  building  can  be  arranged  so  as  to  break  up  the  references  to 
the  rectilinear  base  entirely.  Alternate  building  features  which.do  not 
connote  a  base  can  be  employed.  These  associations  include  pavilions  (as 
entrances),  greenhouses  (as  skylights),  and  pitched  or  shed  roofs  (as 
clerestories).  Exterior  materials  such  as  glass,  metal,  and  tile  can  be 
used  instead  of  exposed  concrete  to  further  develop  these  images.  Color  may 
also  be  used  to  advantage.  Preferably,  the  approach  would  be  horizontal  and 
would  terminate  at  an  above-grade  entrance  feature. 

The  second  strategy  involves  articulating  a  traditional  facade. 

This  will  be  particularly  effective  in  an  urban  context  where  the  expression 
of  a  conventional  facade  is  an  appropriate  response  to  existing  buildings. 
Alternatively,  the  earth-sheltered  building  can  be  located  completely  below- 
grade  with  access  and  mechanical  service  from  an  existing  building. 
Additional  required  exits  and  natural  light  can  be  provided  through  open 
recessed  atriums  or  courtyards,  depending  on  the  site. 

f.  Territoriality.  The  term  "territoriality'*  refers  to  the  need  for 
psychologically  defined  and  defensible  personal  space.  The  extent  to  %rhich 
a  person  will  physically  invade  a  space  is  related  to  the  degree  to  which 
territoriality  is  defined,  often  subconsciously,  by  commonly  understood 
conventions.  The  territoriality  of  open  spaces  between  buildings  is 
improved  by  visually  defining  public,  private,  and  semi-private  domains. 

This  involves  orienting  the  buildings  and  utilizing  landscape  features  to 
avoid  ambiguous  residual  spaces.  In  urban  environments,  or  large  military 
installations,  especially,  where  multiple  housing  is  involved,  good 
territorial  definition  has  the  practical  benefit  of  reducing  crime  and 
vandalism  and,  in  the  case  of  housing,  fostering  pride  and  voluntary 
maintenance. 

Earth-sheltered  buildings  which  are  substantially  covered  or  bermed 
cannot  define  exterior  space  as  well  as  conventional  buildings.  Further, 
lack  of  fenestration  overlooking  exterior  spaces  inhibits  voluntary 
surveillance.  Greater  attention  must,  therefore,  be  given  to  landscape 
design  to  visually  define  such  spaces.  Slight  changes  in  grade  elevation, 
terraces,  changes  in  planting  and  ground  cover,  shrub  and  tree  placement, 
and  special  paving  materials  at  private  areas  and  entrances  can  provide 
effective  psychological  barriers. 

3.  EXAMPLES  OF  RESPONSE  TO  CONTEXT.  The  following  examples  are  of 
buildings  in  temperate  climates.  In  general,  though,  the  basic  principles 
illustrated  are  valid  for  other  climates  as  well. 
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FIGURE  3 

Integration  with  Natural  Setting 


a.  Earth-Sheltered  Building  on  V7ooded  Site.  The  site  illustrated  in 
Figure  2  is  partially  wooded  with  a  buildable  open  area  adjacent  to  access 
roads.  Site  planning  suggests  that  the  parking  be  located  in  the  open  area 
with  the  building  located  partially  in  the  woods.  The  building  illustrated 
in  Figure  2  is  conceived  as  a  juxtaposition  of  the  man-tnade  and  natural 
environreent .  In  Figure  3,  the  building  occupies  the  same'  location.  In  this 
case,  howe'^er,  the  concept  is  to  avoid  the  confrontation  between  building 
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FIGURE  4 

Submerged  Building  with  Enclosed  Atrium 


and  nature.  The  form  of  the  building  and  the  planting  are  modified  to 
accomplish  this.  In  addition,  the  parking  area  is  more  extensively 
planted. 

b.  Earth-Sheltered  Building  on  Unwooded  Suburban  Site.  The  site 
illustrated  in  Figure  4  is  adjacent  to  a  highway.  The  land  is  moderately 
flat  without  any  exceptional  views.  The  surrounding  area  is  zoned  for  light 
industrial  and  businesses.  The  earth-sheltered  building  shown  is  bermed  and 
covered.  To  take  the  place  of  perimeter  windows,  a  skylighted  atrium  is 
provided.  Service  access  is  slightly  below  grade  at  the  first-floor 
elevation  at  the  rear  of  the  building.  Hechanical  shafts  are  located  to 
reinforce  the  importance  of  the  main  entrance. 

c.  Earth-Sheltered  Building  on  Flat,  Open  Site.  The  site  illustrated 
in  Figure  S  is  surrounded  by  roads  on  three  sides,  with  the  main  road  on  the 
east  side  of  the  site.  The  facility  illustrated  is  a  single-story 
administration/warehouse  building.  The  administration  half  of  the  building 
is  earth-covered  and  is  located  on  the  south  for  passive  solar  advantage. 
Notice  that  the  relationship  between  the  main  street,  the  parking,  and  the 
main  entrance  is  awkward — visually  the  main  entrance  seems  to  be  incidental 
to  the  pa. king.  To  correct  this  situation,  the  building  can  be  turned  so 
that  the  windows  face  east.  This  is  justified  by  the  relatively 
insignificant  effect  of  orientation  on  solar  gain  for  a  large  earth- 
sheltered  building  in  a  temperate  climate.  Figure  6  illustrates  this 
solution.  The  importance  of  the  entrance  is  heightened  by  a  hierarchical 
articulation  of  the  facade  and  the  planting  and  parking  layout  visually 
extend  the  entrance  to  the  street. 


\mtz 


d.  Approach  to  Covered  Building  on  Flat  Site.  The  approaches  and 
entrances  to  buildings  which  have  few  exposeci  exterior  areas  must  be 
carefully  designed  with  regard  to  hierarchical  and  traditional  references. 
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FIGURE  5 

lacidental  Relationship  to  Parking 


FIGURE  6 

Hierarchical  Relationship  Co  Parking 


Figure  7  illustrates  a  poorly  designed  approach  to  a  covered  single-'SCory 
building  on  a  flat  site.  The  traditional  references  in  this  example  have 
negative  images.  In  particular,  Che  sloped  concrete  retaining  walls  connote 
tunnel  or  culvert  construction.  Further,  the  broad  downward  sloping  ramp 
with  the  trench  drain  at  the  bottom  is  an  image  that  is  customarily 
associated  with  parking  garages.  The  only  references  to  the  fact  that  this 
is  a  pedestrian  entrance  are  the  handrails  and  the  entrance  doors 


themselves. 


From  the  parking  lot,  however. 


these  clues  are  visually  lost. 
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FIGURE  7 

Entrance  Approach  with  Poor  Image 


In  addition  to  the  mialeading  traditional  references,  this  example 
lacks  a  hierarchical  sequence  of  references.  The  visual  impect  of  the 
parking  lot  will  easily  overpower  a  building  with  an  approach  like  the  one 
illustrated.  The  building  entrance,  instead,  should  be  perceived  as  a 
goal.  Aa  the  entrance  is  approached  by  the  pedestrian,  he  should  encounter 
a  reassuring  sequence  of  images. 

Figures  8  and  9  illustrate  alternative  entrances  to  the  same 

building. 

The  building  shown  in  Figure  8  makes  use  of  traditional 
architectural  elements.  Between  the  building  and  the  toe  of  the  sloping 
approach  walk,  an  area  is  reserved  as  a  preparatory  space.  This  has  the 
same  psychological  function  as  approach  stairs,  porticos,  or  canopies  in 
traditional  architecture.  In  order  to  make  this  landing  effective,  it  is 
finished  with  a  paving  material  that  is  different  from  the  surrounding 
paving.  The  paving  pattern  alsb^orms  strips  across  the  approach  path  that 
form  psychological  thresholds.  The  retaining  wall  is  allowed  to  step  down 
in  a  manner  similar  to  a  side-pai.'apet  on  traditional  stairs.  The  bottom 
half  is  detailed  as  a  traditional  rusticated  base  by, nailing  horizontal 
strips  to  the  inside  of  the  concrete  formwork.  The  top  half  of  the 
retaining  wall  is  sheathed  in  masonry,  thus  .establishing  a  material  that  is 
cammonly  used  above-grade.  The  incorporation  of  window  openings  and  a 
mullion  grid  at  the  entrance  reinforces  the  human  reference.  Finally,  a 
symmetrical  skylight  is  added  over  the  lobby  and  main  corridor  area.  In 
addition  to  providing  direct  and  indirect  natural  light  to  the  interior,  the 
gable  end  references  a  traditional  entrance  pediment. 

The  entrance  in  Figure  9  accomplishes  a  similar  result  without 
conventional  use  of  traditional  features.  The  entrance  is  recessed  back 
from  the  building  line  in  this  case.  The  retaining  walls  are  inflected 
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FIGURE  9 

Entrance  Approach  with  Literal  Forecourt 

towarda  the  approach  path.  This  results  in  a  preparatory  space  that  is  like 
an  exterior  room  cr  forecourt.  In  the  process,  the  references  to  the 
traditional  base  and  its  association  with  the  ground  are  suppressed. 
Thresholds  are  formed  at  both  ends  of  the  forecourt  by  using  special  paving 
blocks.  The  clerestory  band  continues  over  the  entrance,  giving  the 
impression  of  light  and  airy  construction.  The  symmetrical  placement  of  the 
clerestories  with  the  hip  roof  identifies  the  entrance  from  the  vehicular 
approach  and  the  parking  area  before  the  small-scale  features  come  into 
view.  The  fresh-air  intake  ducts  serve  to  visually  reinforce  the  entrance. 
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FIGURE  10 

Obstruction  of  Vie>#  on  Harbor  Site 
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FIGURE  11 

Accommodation  of  View  on  Harbor  Site 


Earth-Sheltered  Buildins^  on  Shore  Front.  Figure  10  illuk.trate8  a 
two-story,  half-bermed  building  on  a  site  with  a  view  of  a  harbor  and  city 
skyline.  With  the  berm  up  to  the  second  floor  level,  or.ly  half  of  the 
office  spaces  on  the  harbor  side  have  a  view  of  the  harbor  and  skyline. 

Also,  the  view  is  blocked  for  other  buildings  across  from  the  site.  Both  of 
these  problems  can  be  solved  by  setting  the  building  below  grade  near  the 
top  of  the  slope.  Figure  11  illustrates  this  solution.  The  roof  of  the 
building  serves  as  an  overlook.  Though  the  pavilion  entrance  occupies  a 
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snail  portion  of  the  roof,  the  landscaping  and  building  form  are  designed  to 
visually  reinforce  the  entrance.  Otherwise,  such  a  diminutive  entrance 
would  be  out  of  scale  with  the  size  of  the  facility.  The  facade  facing  the 
harbor  accommodates  additional  required  fire  exits  as  well  as  affording 
views  of  the  harbour. 

f.  Earth-Sheltered  Building  Below  Comnons.  On  sites  where  other 

buildings  are  arranged  around  a  commons  or  quadrangle,  It  Is  Important  to 
maintain  the  existing  site  relationships.  If  there  Is  available  land  around 
the  commons  for  a  new  building,  then  an  above-grade  portion  of  the  building 
can  take  Its  place  with  the  others  as  a  conventional  building.  A  bermed 
building  adjacent  to  the  commons  would  not  be  suitable.  Not  only  would  such 
a  building  weaken  the  definition  of  the  commons  area,  but  the  building  would 
preclude  appropriate  construction  In  the  future.  A  totally  submf  ' 
building  could  be  designed  with  structural  provisions  for  an  abov  Te 

addition.  Or,  a  new  earth-sheltered  building  may  be  used  to  compl  .:he 

third  side  of  a  partially  enclosed  yard  by  matching  the  adjacent  buildings. 
Any  remaining  excess  bulk  of  the  building  could  be  placed  below  grade. 

Figures  12  and  13  Illustrate  a  similar  site.  In  this  case, 
however,  there  la  no  available  land  Immediately  adjacent  to  the  yard.  Yet 
the  program  calls  for  the  function  housed  In  the  building  on  the  left  to  be 
doubled.  The  solution  shown  In  Figure  12  is  unacceptable  because  the  normal 
elevatlonal  relationships  between  the  buildings  and  the  yard  are  upset.  The 
shallow  bera  and  the  mechanical  appurtenances  all  block  the  view  of  the  base 
of  the  surrounding  buildings.  The  grade  elevation  Is,  In  effect,  raised  so 
that  the  approaches  and  entrances  to  the  existing  buildings  are  awkward.  On 
any  other  site,  a  5-foot-hlgh  wall  (1500  mm)  or  berm  might  be  called 
unobtrusive,  but  In  this  case  It  Is  completely  incompatible  with  the 
context.  Figure  13  shows  a  more  appropriate  solution.  The  building  Is 
submerged  below  the  existing  level  of  the  yard.  The  principal  pedestrian 
and  mechanical  access  Is  below  grade  from  the  building  on  the  left. 

g.  Earth-Sheltered  Building  on  Comer  Site.  The  earth-sheltered 
building  Illustrated  In  Figure  lA  Is  on  a  site  once  occupied  by  an  open 
parking  lot.  There  are  other  existing  gaps  In  the  urban  structure  formed  by 
such  parking  lots.  The  existence  of  such  temporary  gaps,  however,  does  not 
Justify  a  below-grade  building  which  constitutes  a  permanent  gap  In  the 
coherence  of  the  urban  fabric.  Totally  submerged  earth-sheltered  buildings 
are  appropriate  only  where  a  permanent  open  space  Is  allowed  by  proper  site 
planning  criteria  such  as  the  criteria  outlined  In  the  first  half  of  this 
section  and  NAVFAC  P-960,  Installation  Design  (see  Criteria  Sources). 

Figure  15  Illustrates  a  proper  response  to  the  context.  This 
building  Is  a  conventional  building  with  three  below-grade  levels.  The 
design  benefits  the  context  In  the  following  ways:  the  setback,  second- 
floor  line,  and  cornice  are  coherent  with  the  adjacent  buildings;  the 
capacity  of  the  street  as  a  primary  reference  is  reinforced;  special 
Identity  Is  Imparted  to  the  block  by  the  presence  of  the  new  building;  and, 
finally,  the  Improved  territoriality  provides  a  safer,  more  liveable  street. 


Section  7.  SITE  CONDITIONS  AND  EARTHWORK 


1.  SOIL  CONDITIONS.  The  problems  of  drainage  and  ground  water  are  normally 
increased  for  an  earth-sheltered  structure  over  a  conventional  building 
although  the  magnitude  of  this  difference  depends  heavily  on  the  water  table 
location,  the  local  topography,  and  the  depth  of  the  proposed  building. 
Bearing  conditions  may  be  improved  or  worsened  depending  on  the  weight  of 
any  a,'il  cover  on  the  roof  and  the  increase  in  foundation-bearing  capacity 
with  increasing  depth  into  the  ground. 

Major  problems  with  deep  excavations  usually  relate  to  surface  and 
subsurface  water  or  soft  ground  conditions.  Inflows  to  excavation  can  cause 
erosion  or  quick  conditions  in  soils  or  loose  sands.  Soft  clays  can  flow 
beneath  retaining  walls  and  cause  heaving  in  the  bottom  of  the  excavation. 
Loss  of  ground  into  the  excavation  or  movement  of  retaining  walls  must  be 
minimized  if  the  foundations  of  adjacent  buildings  are  to  be  protected. 

A  geotechnical  exploration  testing  program  shall  be  used  to  determine 
the  following: 

o  Drainage  characteristics  or  permeability 
o  Water  table 

o  Probable  variation  in  water  table  over  annual  cycle 
o  Potential  volume  change  upon  wetting  or  drying 
o  Frost  heave  potential 

o  Potential  re-use  of  native  soil  for  fill 
o  Foundation  bearing  capacity 
o  Potential  settlement 
0  Permissible  construction  slopes 
o  Maximum  'permanent  slope  angles 
o  Erodabiiity 

o  Required  site  conditions  for  equipment  access  and  operation 
o  Potential  excavation  methods 

o  Fill  and  backfill  placement  and  compaction  requirements 
o  Boundary  conditions  for  ground-water  flow  analysis  if  needed 
o  Special jconstruction  problems  (especially  deep  excavations) 

i 

2.  ROCK  CONDITIONS.  Several  factors  can  mitigate  or  balance  the  extra 
expense  of  excavating  in  rock.  For  instance,  if  excavation  in  soil  requires 
temporary  retaining  walls,  a  rock  excavation  that  requires  no  temporary 
supports  becomes  more  cost  effective.  It  the  rock  is  of  high  enough  quality 
and  fissures  do  not  have  significant  water  flows,  the  rock  can  be  exposed  as 
an  internal  surface  of  the  building,  saving  the  cost  of  a  permanent  wall  and 
waterproofing.  (An  internal  drain  is  used  with  this  system.) 

Geotechnical  information  required  on  rock  conditions  for  earth- 
sheltered  buildings  should  include: 

o  Rock  quality  evaluation 
o  Bearing  capacity 

o  Spacing,  attitude,  and  condition  of  joints 

o  Changes  in  rock  condition  upon  exposure  (for  example,  shales) 
o  Rippability  or  potential  alternate  excavation  methods 
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o  Presence  of  water  in  joints  or  seams  of  rock 
o  Potential  flows  through  rock  joints  or  seams 
o  Controls  or  prohibitions  on  blasting 

3.  GROUHD  UATER  AND  DRAINAGE. 

a.  Identification  of  Critical  Problems.  The  following  conditions 
require  careful  analysis  of  the  drainage  provisions  for  an  earth-sheltered 
'uilding. 


(1)  Sunken  Courtyards.  Buildings  using  sunken  courtyards  below 
the  surrounding  ground  level  must  be  designed  so  that  water  entering  the 
courtyard  is  collected  and  pumped  to  a  storm  sewer  or  to  the  surface. 
Sunken  courtyards  should  not  be  used  where  there  is  a  danger  of  surface 
flooding. 


(2)  Drainage  Gullies.  Buildings  should  not  be  constructed  across 
surface  or  subsurface  drainage  paths  without  adequate  provision  for  drainage 
to  prevent  a  build-up  of  water  on  the  upstream  face  of  the  building. 

(3)  Lowering  Water  Tables.  Buildings  extending  below  the  water 
table  should  only  be  designed  to  be  drained  if  the  permeability  of  the 
surrounding  soil  is  low  enough  to  restrict  the  quantities  of  water  to  be 
pumped  to  a  reasonable  level.  Back-up  pumps  or  a  blow-out  panel  should  be 
incorporated  to  protect  the  structure. 

(4)  Provision  of  Free-Draining  Backfill.  If  the  natural  soil  on 
the  site  will  not  freely  drain,  then  the  necessity  of  providing  a  drainage 
material  adjacent  to  the  wall  must  be  considered  even  in  conditions  without 
a  water  table.  Sand  or  gravel  are  usually  recommended  for  backfilling  when 
available  because  they  are  easy  to  compact,  provide  good  drainage,  and  will 
exert  loyer  lateral  pressures  (when  drained)  than  other  soils* 

However,  if  such  free-draining  material  is  surrounded  by 
poorly  draining  soils  to  the  extent  that  a  natural  sump  would  be  formed, 
then  the  capacity  of  the  perimeter  drainage  system  will  have  to  be 
increased.  Figure  16  illustrates  a  recommended  alternative  to  merely 
increasing  the  perimeter  drainage  capacity  at  the  footings. 

b.  Surface  Drainage  Techniques.  Surface  drainage  techniques  involve 
contouring  the  land  to  divert  water  away  frcm  the  building.  This  will  aid 
in  both  surface  and  subsurface  water  control.  Surface  drainage  requirements 
include  the  following: 

o  The  ground  surface  should  have  a  slope  2  percent  or  greater 
away  from  the  building. 

o  Soil  erosion  must  be  avoided. 

o  Water  flow  should  be  distributed  evenly  along  the  remainder  of 
the  site  where  possible.  This  increases  infiltration  and 
reduces  run  off  and  erosion. 

o  Earth  berms  steeper  than  3  (horizontal)  to  1  (vertical)  should 
be  avoided. 

o  Swales  can  be  used  to  slow  surface  water  runoff  on  long  steep 
slopes. 
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FIGURE  16 

Backfilling  Around  Structure  in  Clay  Zone 


o  Runoff  should  not  be  concentrated  onto  erodable  slopes, 
o  Junctions  between  smooth-surfaced  walla  and  earth  berms  or 
banks  which  are  particularly  susceptible  to  erosion  vnust  be 
designed  for  durability. 

o  Gravel  cut-off  trenches  can  trap  minor  surface  water  flows, 
o  Drainage  channels  should  be  designed  to  handle  the  anticipated 
peak  flows  without  erosion. 

For  additional  requirements  refer  to  NAVFAC  DM-5.11,  Soil 
Conservation. 

c.  Subsurface  Drainage.  The  function  of  subsurface  drainage  around  an 
earth-sheltered  building  is  to  drain  water  which  penetrates  the  soil  cover 
over  and  around  the  building  and  to  keep  any  permanent  ground-water 
conditions  from  affecting  the  building. 

(1)  Roof  Drainage.  An  earth-covered  roof  must  include  a  drainage 
layer  to  allow  the  water  entering  the  soil  layer  to  move  laterally  to  the 
edge  of  the  building  or  to  another  drain  point.  Soil  above  the  drain  layer 
should,  be  capable  of  holding  sufficient  moisture  for  plant  survival.  A 
filter  mat  is  necessary  to  prevent  clogging  of  the  drainage  layer. 

(2)  Wall  Drainage.  If  a  granular  material  is  used  for  wall 
backfill  it  should  extend  beyond  a  30  degree  angle  from  the  base  of  the  wall 
to  allow  the  soil  pressures  appropriate  for  the  backfill  to  be  used  (see 
Figure  16).  If  a  granular  backfill  J.s  not  readily  available,  a  smaller 
quantity  can  be  used  with  a  perimeter  drain  tile  and  a  proprietary  wall 
drainage  mat  as  shown  in  Figure  17. 

If  significant  quantities  of  water  are  expected  to  drain  from 
the  roof  drainage  layer  to  the  wall  drainage  layer,  a  drainage  pipe  should 
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FIGURE  17 

/■''  Drainage  at  Footing 
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FIGURE  18 

Drainage  at  Roof  Edge 


be  installed  at  the  top  of  the  wall  as  shown  in  Figure  18.  This  reduces 
water  pressure  on  the  walls.  Further,  the  thermal  performance  of  the 
building  will  be  improved  by  drier  backfill. 

(3)  Floor  Drainage.  In  designs  above  the  water  table,  the  floor 
is  not  usually  waterproofed  but  a  drainage  layer  is  incorporated  to  halt 
capillary  rise  in  the  soil  and  to  drain  any  temporary  pressures  caused  by 
heavy  rains.  Connection  should  be  provided  between  this  drainage  layer  and 
the  perimeter  drain  tile.  This  can  be  accomplished  by  a  separate  drain-tile 


1.4-35 


n 


J  <4 

’  V  V 

KWBSS 

vv?’ 


k  *  » * 
*  »  '•  W  * 

:^:Ssv 

‘ 

j'.V.-rVj 


t*-  'V-.V* 

•V  .  r  .  • 

•  ,  w  „  •  ,  w 

*  s' 


•  * 


'.A  ♦ 


system  beneath  the  £}.oor  (for  large  buildings)  or  by  casting  small  pipes 
through  the  foundation  .at  intervals  of  3  to  4  feet  (914  to  1219  mm)  to 
provide  a  connection  to  the  exterior  drain  system.  Exterior  drain  tiles 
should  always  be  below  the  floor  level  of  the  building. 

(4)  Drainage  Pipes.  Drainage  pipes  should  be  designed  for  the 
life  of  the  building.  They  must  resist  the  soil  pressure  and  degradation  in 
the  soil  environment.  The  minimum  diameter  should  be  4  inches  (100  mm). 

All  drain  tile  for  permanent  buildings  should  be  protected  by  filter  fabrics 
or  by  an  appropriately  designed  soil  filter  system.  Filter  fabrics  are 
preferred  for  reasons  of  simplicity  and  quality  control.  Provision  for  an 
occasional  clean-out  of  the  drainage  system  should  also  be  made.  Minimum 
slopes  for  a  drain  tile  should  be  1  inch  in  20  feet  (25  mm  in  6097  mm) 
except  in  small  buildings  where  they  may  be  laid  horizontally.  Vermin 
protection  must  be  provided. 
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(S)  Filters.  All  drainage  layers  or  drain  tile  must  be  protected 
from  clogging  by  fine  particles  from  the  adjacent  soil  material.  Geotextile 
fabrics  are  now  in  wide  use  for  filtration  and  drainage.  Requirements  for 
geotextile  fabrics  to  be  used  in  filtration/drainage  applications  are: 


(a)  The  fabric  must  be  (and  remain)  more  permeable  than  the 

adjacent  soil. 

(b)  The  fabric  must  prevent  piping  of  the  adjacent  soil. 

(c)  The  fabric  must  have  enough  physical  strength,  puncture 
resistance,  and  abrasion  resistance  to  survive  placement  and  provide 
adequate  in-service  performance. 

See  Reference  6,  Use  of  Engineering  Fabrics  in  Transportation- 
Related  Applications  by  Haliburton. 

(6)  Cut-and-Fill  Quantities.  It  is  generally  desirable  to 
minimize  the  amount  of  soil  that  must  be  hauled  away  from  the  site  since 
this  is  an  expensive  item  if  the  haul  distances  are  more  than  1  to  2  miles 
(1.61  to  3.22  km).  When  appropriate  conditions  exist,  the  construction  cost 
for  earth-sheltered  buildings  can  be  minimized  by  setting  the  foundation 
elevation  of  the  building  such  that  the  quantities  of  fill  needed  for  the 
berms  and  earth  cover  are  equal  to  the  quantity  of  soil  excavated  from  the 
lower  portions  of  the  building.  This  balancing  presupposes  the  following 
conditions: 


The  site  is  large  enough  to  store  the  excavated  material 
before  its  final  replacemeiit. 


The  excavated  material  is  suitable  for  backfill  (and  earth 
cover,  if  used). 
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Cut  and  fills  are  most  easily  balanced  on  sloping  sites. 
Buildings  of  large  area  extent  on  flat  sites  will  not  have  balanced  cut-and- 
fill  quantities  unless  they  are  kept  very  fallow  and  bermed  extensively. 
Where  berming  is  not  possible  on  flat  sites  due  to  lack  of  site  area  it  will 
not  usually  be  possible  to  develop  an  earth-sheltered  design  without  net 
excavation  and  hauling. 
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4.  EXCAVATION,  STABILITY,  AND  DEWATERING.  Def.alls  of.  excavation  stability, 
dewatering  procedures, . and  seepage  and  drainage  analysis  are  contained  In 
NAVFAC  DM-7  Series,  Soil  Mechanics,  Foundations,  and  Earth  Structures. 
Temporary  or  permanent  dewatering  must  Incinde  an  analysis  of  the  effect  of 
dewatering  on  the  settlement  or  stability  of  any  adjacent  moisture-sensitive 
soil  materials.  Earth  berms  or  final  grading  surrounding  earth-sheltered 
buildings  should  be  landscaped  as  soon  as  practicable  to  prevent  erosion. 

5.  BACKFILLING  AND  COMPACTION.  All  fill  placed  under  or  adjacent  to 
earth-sheltered  buildings  should  be  adequately  compacted.  Insufficient 
compaction  can  cause  settlement  of  the  backfill.  Settlement  of  wall 
backfill  causes  drag  forces  on  the  Insulation  and  waterproofing  and  can 
alter  surface  drainage  patterns,  trapping  water  adjacent  to  the  building. 
Backfilling  must  be  carried  out  carefully  to  avoid  damage  to  :he  building 
insulation  and  waterproofing.  Large  equipment  should  not  be  allowed  on  a 
building  roof  or  adjacent  to  the  walls  unless  the  structure  Is  adequately 
designed  for  this,  bulldozing  earth  fill  across  the  roof  of  an 
earth-sheltered  building  should  not  be  permitted  since  this  can  shift 
previously  installed  Insulation  and  waterproofing.  Backfill  should  not  be 
concentrated  In  one  spot  on  the  roof  before  grading  since  this  represents  a 
more  severe  design  loading  condition  than  the  uniform  load. 

Free-dralnlnp  granular  soil  backfills  cannot  only  significantly  lower 
lateral  pressures,  but  can  also  divert  water  from  the  structure.  It  Is 
recommended  that  the  soil  used  for  backfilling  side  walls  be  compacted  to  90 
percent  of  the  maximum  density  as  determined  by  ASIM  D1S57.  The  soil  should 
be  compacted  only  enough  to  ensure  that  no  major  settlements  occur. 
Overcompaction  of  the  soil  around  the  side  walls  can  induce  additional 
lateral  pressure  on  the  walls.  The  backfill  should  be  placed  and  compacted 


in  8-inch  (20(Hnm)  lifts.  Compaction  requirements,  methods,  and  equipment 
are  given  in  NAVFAC  DM-7  Series. 

Fill  required  beneath  floor  slabs  should  have  a  low  plasticity  Index 
(below  13),  a  low  liquid  limit  (below  36}  and  should  be  compacted  to  a  dry 
density  of  at  least  95  percent  of  the  maximum  dry  density  as  determined  by 
ASIM  D1557.  Compaction  of  this  fill  should  be  accompllsied  by  placing  the 
fill  in  6-  to  8-lnch  (150-  to  200-mm)  thick  lifts.  Soil  placed  on  the  roof 
should  be  only  moderately  compacted.  Vegetation  on  the  roof  will  play  an 
important  role  in  how  the  soil  will  behave  over  time. 

6.  EARTS-OOVEREO  ROOFS.  Earth-covered  roofs  have  unique  properties  which 
offer  energy  benefits.  The  large  thermal  mass  associated  with  earth-covered 
roofs  not  only  serves  to  dampen  the  continuous  fluctuatl.-'ns  In  the  external 
air  temperature,  but  also  has  the  capability  to  reflect  the  summer  sun. 
Radiant  heat  gains  are  also  countered  by  latent  energy  losses  due  to 
evapotranspiration. 

Based  on  computer  simulation,  earth-covered  roofs  are  more  than  capable 
of  countering  radiant  heat  gains  (solar)  If  plant  cover  Is  provided  and  well 
irrigated.  In  fact,  in  northern  (Minneapolis)  and  southern  climates 
(Jacksonville  and  Phoenix),  earth-covered  roofs  can  provide  net  cooling 
benefits  during  the  cooling  season;  more  heat  Is  losv  from  the  roof  than  Is 
gained.  These  benflts  are  significant,  but  typically  will  represent  less 
than  1  percent  of  the  total  building  cooling  load  (commercial  buildings). 
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The  inporCanC  distinction  to  be  made  here  is  that  an  earth-covered  roof  may 
provide  cooling  benefits  instead  of  adding  to  the  building's  total  cooling 
load,  as  a  conventional  roof  %iould. 

During  the  heating  season,  an  earth-covered  roof's  annual  energy 
performance  will  be  similar  to  that  of  a  well-insulated  conventional  roof. 
The  difference  in  energy  performance  is  directly  dependent  on  the  depth  of 
earth  cover,  and  the  amount  of  insulation  applied  to  the  conventional  roof. 
Winter  peak  design  loads  of  the  two  roof  types  will  be^  similar  unless  large 
amounts  of  earth  cover  are  applied  to  the  roof  (over  12  inches  (300  mm)). 

It  is  difficult  to  justify  analysing  an  earth-covered  roof  with  small 
amounts  of  earth  cover  (6  inches  (150  mm))  on  a  transient  basis,  since  a 
roof  of  this  type  will  nearly  reach  steady-state  heat  loss  conditions  over 
periods  when  cold  fronts  exist  for  days  or  weeks  at  a  time.  Earth-covered 
roofs  with  large  amounts  of  earth  cover  should  be  analyzed  by  considering 
the  thermal  mass  when  determining  the  peak  heating  loads  of  the  roof 
cooponent. 


If  extremely  accurate  thermal  performance  data  is  required,  hour-by-hour 
computer  simulations  must  be  carried  out  to  predict  the  peak  and  annual 
energy  perfopiance  of  the  roof  :omponent  (heating  and  cooling). 
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Section  8.  PLANTING  AND  IRRIGATION  DESIGN 
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Range  of  average  annual 
minimum  temperature 

Zone  1  Below  -5(PF 
Zone2  -50*»O'«T 
Zones  -«rio-3(rF 
Zone  4  -SO'to-ZOrF 
Zones  -2irio-10T 
Zones  -10*10  VF 
Zone?  0*lo  10V 
Zone  8  10*  to  20*F 

Zones  20*to  SOT 
Zone  10  30*to  40T 
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FIGURE  19 

Climatic  Map  for  Plant  Hardiness 


1.  PLANT  MATERIALS  SELECTION  AND  UYOUT.  The  following  criteria  should  be 
identified  for  each  species  considered  in  a  planting  design.- 

a.  Suitability  to  Climate.  Table  1  contains  a  partial  list  of  species 
based  on  the  climatic  zones  shown  in  Figure  19.  These  species  are  suitable 
for  berm  roof-top  planting.  There  are,  of  course,  many  more  species 
suitable  for  use  than  can  be  documented  here.  The  landscape  designer  should 
research  the  species  native  to  the  project's  specific  climatic  zone. 

b.  Adaptability  to  Berm  Slopes.  For  the  purposes  of  moisture 
protection  and  the  reduction  of  soil  pressure,  most  berms  are  constructed  of 
materials  that  drain  rapidly.  Species  of  plants  selected  for  use  on  berms 
should  be  those  that  can  tolerate  long  periods  of  drought  and  rapid 
fluctuations  from  wet  to  dry  conditions.  Species  that  have  extensive  root 
systems  to  hold  and  maintain  slopes  should  also  be  of  primary  consideration. 

c.  Adaptability  to  Limited  Soil  Depths.  Due  to  the  structural  costs 
required  to  carry  even  moderate  soil  depths  on  roofs,  plant  selection  for 
roofs  should  be  limited  to  species  that  are  capable  of  surviving  on  a 
limited  soil  depth.  To  assist  moisture  protection  of  the  building,  the  soil 
and  drainage  layer  construction  is  usually  designed  to  provide  rapid 
drainage.  These  conditions  result  in  extreme  fluctuations  of  soil  moisture 
content.  During  dry  spells,  plants  that  develop  extensive  root  systems  will 
seek  moisture  near  the  building's  waterproofing  membrane.  To  avoid  damage 
to  the  waterproofing,  select  species  with  less  aggressive  root  systems. 
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TABLE  1 

Plant  Species  by  Climate  (Continued  on  Page  41) 


v^.  j  <j  r'^  »»*  w-w-rw  • 


•  4"  v  •. 


•.«■*•  •V 


TABLE  1 

Plant  Species  by  Cliraaf.e  (Continued  from  page  41) 
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d.  Ease  of  Establishment  and  Maintenance.  Reduced  operating  costs  and 
protection  oi  the  waterproofing  are  best  obtained  by  the  establishment  of 
healthy  plants  that  quire  little  or  no  maintenance.  Cutting,  digging,  or 
the  operation  of  maintenance  machinery  can  damage  the  waterproofing  at 
building  edges  or  roof  openings,  especially  when  roof-top  soil  layers  are 
thin.  The  need  for  permanent  establishment  of  the  initial  planting  without 
reworking  is  essential. 

e.  Functional  Considerations.  Certain  functional  considerations  can 
be  enhanced  or  accomplished  by  the  proper  selection  and  layout  of  planting 
materials  for  earth-sheltered  buildings. 

Species  that  form  dense,  tightly  packed  masses  or  appear  to  bear 
thorns  can  be  an  effective  security  barrier.  Such  species  may  be  used  in 
place  of  guardrails  and  fences  at  retaining  walls,  parapets,  roof  openings, 
mechanical  equipment,  and  skylights  to  provide  safety  barriers  as  well  as 
protection  from  accidental  or  intentional  damage. 

Proper  selection  of  plant  materials  can  have  a  significant  impact 
on  reduction  of  mechanical  cooling  loads  within  the  structure  by  shading 
roof  top  soils  and  by  holding  moisture  over  longer  periods  of  time.  Shading 
reduces  solar  gain  and  moisture  retention  promotes  evaporative  cooling. 
Shading  can  also  be  useful  in  reducing  heat  gain  through  window?  or 
skylights.  Deciduous  plants  will  accomplish  this  without  blocking 
beneficial  solar  gain  in  winter.  Proper  plant  selection  can  also  control 
wind  movement  in  and  around  buildings.  Plants  can  serve  as  buffers  to 
reduce  the  direct  wind  velocity  at  the  building,  thereby  reducing  convective 
and  infiltrative  losses.  Wind  breaks  will  also  limit  plant  desiccation  that 
can  drain  soil  moisture  and  damage  the  health  and  growth  of  the  plants. 

The  proper  selection  of  plant  materials  can  impact  the  installation 
ioMge.  A  carefully  ‘designed  native  association  can  assist  the  building  in 
blending  with  the  surrounding  landscape  when  integration  with  the  natural 
environment  is  required.  Screening  with  plant  materials  can  be  effective  in 
reducing  the  visual  presence  of  the  building,  parking  areas,  or  on-grade 
mechanical  or  electrical  equipment.  On  the  other  hand,  planting  may  be  used 
to  visually  reinforce  the  building  entrance.  In  urban  contexts,  appropriate 
planting  design  may  call  for  geometric  or  formal  patterns. 

2.  IRRIGATION  SYSTEMS.  Because  roof-top  and  berm  drainage  systems  are 
generally  designed  to  carry  moisture  away  from  the  building,  extremely 
droughty  conditions  can  arise  which  may  test  the  hardiness  of  even  the  most 
suitable  plant  selections.  There  are  three  basic  options  for  irrigation: 
manual,  spi^ay  heads,  or  trickle  systems. 

1 

a.  Manual .  The  use  of  manual  irrigation  in  these  situations  should  be 
restricted  ^o  installations  of  modest  or  small  size  which  can  be  reliably 
observed  and  maintained.  Consideration  should  be  given  first  to  the 
selection  of)  plant  materials  that  require  the  least  amount  of  irrigation. 

For  instancel  durable  shrub  species  that  shade  the  soil  and  help  hold 
moisture  will  survive  better  than  turf.  These  species  should  be  capable  of 
tolerating  e:ptremes  of  flooding  or  drought.  The  layout  of  available  hose 
bibbs  should  be  closely  coordinated  with  the  probable  equipment  available 
for  providing  the  manual  irrigation  so  that  no  area  of  planting  is 
inaccessible.  Manual  irrigation  should  also  be  limited  to  installations 
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where  inadvertent  over-irrigation  will  not  endanger  the  construction  due  to 
hydrostatic  pressure. 

b.  Spray  Heads.  The  standard  method  of  laying  irrigation  lines  vith 
appropriately  spaced  spray  heads  is  the  most  desirable  from  the  point  of 
view  of  maintaining  plant  materials.  Spray-head  application  simulates 
actual  rain  conditions,  thereby  washing  away  unwanted  dust  or  pollutants  and 
protecting  the  plants  from  desiccation.  An  automatic  spray-head 
installation  will  reduce  the  danger  of  over-irrigation,  although, 
miscalculation  of  the  rate  of  flow  can  result  in  extensive  mineral  leaching 
or  erosion  on  slopes. 

c.  Trickle  Systems.  Trickle  systems  are  a  unique  compromise  for 
providing  appropriate  soil  moisture.  The  systems  themselves  are  lower  in 
cost  and  require  a  lower  water  pressure  for  operation.  Normally,  a 
dispensing  head  is  located  at  each  significant  plant  to  provide  a  slow 
trickle  of  water  for  keeping  the  soil  moist.  The  system  is  time  clock 
controlled  and  is  normally  installed  just  beneath  a  3-  to  4-irxh  (75-inm  to 
100-mm)  mulch  layer,  or  just  under  the  top  of  the  soil.  Providing  moisture 
with  a  trickle  system  reduces  soil  leaching,  eliminates  streaking  or  water 
spotting  on  windows  that  may  be  caused  by  spray  heads  and  reduces  the  chance 
of  extensive  over-irrigation  due  to  the  smaller  volumes  of  water  distributed 
over  time.  These  advantages  must  be  balanced  with  the  negative  effect  of 
not  being  able  to  wash  the  plant  materials  of  dust  or  pollutant  materials. 

In  areas  with  average  or  significant  rainfall,  however,  plant  washing  by  the 
irrigation  system  should  not  be  necessary. 

3.  INSTALLATION.  Some  of  the  most  important  considerations  in  the 
landscaping  of  earth-sheltered  structures  are  the  design  and  installation  of 
drainage  layers  and  the  placement  of  plants. 

a.  Application  on  Roofs.  The  design  of  soil  layers  and  installation 
of  plants  on  roof-top  situations  is  a  complicated  and  sensitive  process 
which  should  take  into  account  all  of  the  following  considerations. 

(1)  Structural  Integrity.  Table  2  indicates  general  weights  of 
commonly  used  materials  in  roof-top  planting  situations.  In  the 
conceptualization  of  landscape  design,  the  landscape  architect  should  work 
carefully  with  the  building  structural  engineer  to  provide  the  necessary 
structural  capacity  and  to  ensure  proper  location  and  distribution  of 
weights.  It  is  critical  to  remember  that  the  installation  process  must  be 
accomplished  by  hand,  since  most  road  vehicles  and  heavy  machinery  will 
exceed  the  efficient  design  loads  for  an  underground  structure.  It  is 
advantageous  that  the  landscape  design  in  some  way  prohibit  the  future 
inadvertent  wandering  of  large  vehicles  or  maintenance  equipment  onto  a 
structural  roof  deck  that  is  not  designed  to  carry  their  load. 

(2)  Protection  of  Waterproofing.  For  any  underground  structure, 
the  protection  of  the  integrity  of  the  waterproofing  is  critical.  The 
layered  drainage  and  soil  installation  should  include  layers  that  prevent 
the  long-term  accumulation  of  standing  water  and  potential  damage  from  plant 
roots.  Care  must  be  taken  to  protect  the  waterproofing,  especially  at 
parapets  or  around  roof  openings.  Staking  methods  for  large  shrubs  and 
trees  should  be  such  that  it  is  impossible  for  the  stakes  to  damage  the 
waterproofing. 


TABLE  2 

Weights  of  Planting  Materials 


TREES _ 

Boll  Size 
2d  in.  (S08  mm) 
22  in.  (559  mm) 
24  in.  UlO  mm) 
28  in.  (7 1 1  mm) 
32  in.  (813  mm) 
38  in.  (965  mm) 
42  in.  (1067  mm) 
40  in.  (1 21 9  mm) 
54  in.  (1372  mm) 
60  in.  (1524  mm) 
68  in.  (1727  mm) 

SHRUBS 


Caliper 

3/4  -  I  in.  (19-25  mm) 

1- 3/4  in.  (44  mm) 

2  in.  (51  mm) 

2- 1/2  in.  (64  mm) 

3  in.  (76  mm) 

3- 1/2  in.  (89  mm) 

4  in.  (102  mm) 

4- 1/2  in.  U  14  mm) 

5  in.  (127  mm) 

5- 1/2  in.  (140  mm) 

6- 7  in.  (152-178  mm) 


Weiqht 

l80TETOkg) 
260  lbs  (120  kg) 
340  lbs  (150  kg) 
560  lbs  (250  kg) 
880  lbs  (400  kg) 
1 100  lbs  (500  kg) 
1500  lbs  (680  kg) 
2000  lbs  (910  kg) 
2600lbs(ll80kg) 
3100  Ibs(l400  kg) 
3800  Ibsd  720  kg) 


BallSize 

1 8-24  in.  (457-610  mm)  Evergreen 
60-70  lbs  (27-32  kg) 

18  in.  (457  mm)  Evergreen 
Deciduous  1 8  ft, 

18-24  in.  (457-610  mm) 


Ht/Spreod 


Weidit 
^  in.  sprea^i 


610  mm) 


18  in.  spread  (457  mm)  50-60  lbs  (20-27  kg) 


2  ft.  height  (610  mm) 

3  ft.  hei^t  (914  mm) 


60-70  lbs  (27-32  kg) 
70-90  lbs  (32-40  kg) 


SOILS  MIXTURES  AND  MATERIALS 
Material  bv  Volume 


Clay  Soil 
S<nd 

Peat,  semidry 

Perlite 

Vermiculite 

Baked  cloy  particles 

i/3  soil,  1/3  sand,  1/3  peat 

1/2  peat,  1/2  send 

I /2  peot,  1/2  perlite 

1/3  soil,  1/3  perlite,  1/3  peat 

Loom  (Dry) 

Compact  Peat  Moss 

Loose  Peat  Moss 

Dry  Send 

Wet  Sand 

Wet  Clay 

Dry  Clay 

Granite 

Gravel 

Dry-Loose  Loam 
Wet  Silt 


Ibs/ft3 

92 

4-  13 

5- 8 
4 

37 

55-67 

52 

10 

37 

7590 

15-18 

3-5 

95-110 

120-130 

105-120 

90-110 

170 

120-135 

90-100 

130-145 


(kg/rn^ 

(TziRJ) 

(1472) 

(64-  192) 
(80  -  128) 
(64) 

((592) 

(880-  1072) 
(832) 

(160) 

(592) 

(12,1440) 

(240-288) 

(48-80) 

(1520-1760) 

(1920-2080) 

(1680-1920) 

(1440-1760) 

(2720) 

(1920-2160) 

(1440-1600) 

(2080-2320) 


Note*  These  are  initial  weidits.  Use  full  grown  weight  for  structurol  design. 
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(3)  Soil  Layers.  The  rigid  insulation  assists  in  protecting  the 
membrane.  A  polyethylene  layer  over  the  insulation  is  recommended  to 
improve  drainage  and  prevent  moisture  saturation  which  may  reduce  thermal 
resistance.  If  concrete  is  used  over  the  waterproofing  (such  as  at 
planters),  the  waterproofing  must  be  covered  completely  with  protection 
board  first.  The  primary  drainage  layer  should  be  composed  of  pea  gravel. 

A  filter  fabric  over  the  drainage  layer  controls  some  leaching  of  materials 
from  the  planting  soil  layer  and  also  prevents  invasion  of  plant  roots. 

As  a  rule  of  thumb,  soil  depth  for  shrubs  and  trees  should  be  1 
foot  (300  mm)  plus  rootball  depth.  Soil  depth  for  lawn  and  ground  cover 
should  be  1.5  feet  (450  mm),  or  1  foot  (300  mm)  if  irrigated. 

(4)  Containers.  The  container  and  its  location  must  be 

coordinated  with  jhe  structural  engineer.  Special  soil  mixtures  which 
reduce  the  coil  weight  are  often  incompatible  with  the  plant's  natural  soil 
requirements.  Experience  has  shown  that  such  mixes  reduce  the  growth  rate 
of  the  plant  and  result  in  more  rapid  leaching  of  minerals  in  the  highly 
irrigated  environment  of  a  container.  If  lightweight  soil  mix  must  be  used, 
it  should  be  formulated  by  a  soil  and  plant  lab.  In  cold  climates,  it  is 
absolutely  necessary  to  provide  rigid  insulation  between  the  soil  in  the 
container  and  the  container  wall  to  prevent  soil  temperatures  from  dropping 
below  the  point  of  tolerance  developed  by  native  plants  growing  in  a  normal 
ground  environment.  | 

i 

b.  Application  on  Berms.  Most  planting  installations  for  berms  are 
similar  to  conventional  installations  on  slopes  with  the  exception  that 
berms  along  building  walls  are  generally  formulated  for  more  rapid  drainage 
and  have  a  smaller  mass  for  holding  moisture  due  to  the  close  proximity  of 
the  building  wall.  I 

I 

(1)  Plant  Placement.  In  establishing  plant  layouts  on  sloping  | 

conditions,  the  designer  must  calculate  the  appropriate  spacing  based  on  the 
actual  dimension  of  the  slope  rat*  >r  than  the  horizontal  projection  of  th|e 
slope  onto  a  plan.  Detailing  should  also  i\idicate  how  shrubs  and  trees  are 
to  be  installed  and  staked  so  that  their  growvh  habit  is  in  appropriate  | 
alignment  to  grade,  rather  than  angl'^d  in  an  u  natural  way.  Plant  layouts 
must  also  take  into  account  t  ^  dan^^er  of  placi^  hand-excavated  holes  too 
close  to  the  top  of  the  berm  at  the  building  wall.  This  increases  the  [ 
chance  of  inadvertently  damaging  the  waterproofing.  | 

(2)  Erosion  Control  and  Establishment.  In  establishing  plantings 
on  slopes  of  greater  than  4:1  by  seeding  or  transplantation,  one  must  use 
proper  erosion  control  during  construction  and  early-growth  periods.  A 
variety  of  erosion  control  mats  are  commercially  available,  the  straw-fabric 
mat  being  the  most  common  and  inexpensive.  Straw-fabric  mats  will  hold  the 
soil  in  place  and  help  preserve  moisture  while  the  plants  are  becoming 
established,  but  will  gradually  deteriorate  and  disappear  over  time. 
Wood-chip  or  rock  mulch  will  not  remain  on  the  slope  during  erosive  rains. 
Plant  type  and  spacing  should  be  selected  so  as  to  fill  in  rapidly  without 
the  need  for  rock  or  wood-chip  mulch.  Moisture  holding  can  be  enhanced  by 
the  application  of  additional  loose  straw  mulch  or  hydro-sprayed  systems. 
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(3)  Sod  Placement.  Sod  intended  for  mowing  should  not  be  placed 
on  slopes  greater  than  3:1  due  to  the  inability  of  large  mowing  machines  to 
operate  at  that  angle.  Sod  on  slopes  of  2-l/2:l  or  greater  runs  the  risk  of 
movement  or  sliding  in  extremely  wet  conditions.  On  slopes  between  4:1  and 
3:1,  sod  should  be  laid  perpendicularly  to  the  slope  from  the  lowest  point 
and  moving  uphill.  Joints  should  be  staggered  to  avoid  erosion  during 
irrigation  or  rain.  Ends  of  sod  strips  should  be  pegged.  Pegs  should  be 
located  at  each  upper  corner  and  in  the  center  of  a  sod  strip.  Always  drive 
pegs  vertically,  not  perpendicularly,  to  the  slope. 
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4.  MAINTENANCE.  Early  and  careful  maintenance  of  a  planting  installation 
on  berms  or  slopes  is  necessary  for  proper  establishment  and  reduced  future 
maintenance. 

a.  Weeding.  During  the  first  few  seasons  of  establishment  for  '  .  or 

roof-top  planting  installations," regular  weeding  is  necessary.  Weeding 
should  be  done  by  trained  personnel  who  can  distinguish  the  plants  to  remain 
from  the  plants  that  should  be  removed.  The  designer  should  verify  that  the 
waterproofing  selected  is  not  susceptible  to  damage  from  chemical  herbicides 
or  fertilizers. 

b.  Mowing .  Due  to  the  tendency  of  berm  and  roof  conditions  to  become 
droughty  situations,  mowing  should  be  minimized  to  assist  in  the 
preservation  of  soil  moisture  and  turf  durability.  The  option  of  allowing 
certain  areas  to  grow  without  mowing  should  be  considered,  as  it  will  do  the 
most  to  enhance  the  growing  environment  of  the  grasses.  Heavy  mowing 
equipment  cannot  be  used  on  roofs  unless  the  structure  is  desijned  to 
accommodate  such  loads.  Consideration  should  be  given  to  the  availability 
of  hano-mowers  on  the  roof-top  to  minimize  undesirable  passages  through  the 
building  interior. 
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c.  Irrigation.  Although  the  most  effective  use  of  irrigation  to 
promote  plant  establishment  is  to  provide  water  on  a  time-clock  controlled 
basis,  it  is  advisable  to  provide'  a  system  of  manual  override  to  prevent 
irrigation  when  natural  rainfall  has  already  saturated  the  soil  and  to 
provide  for  additional  irrigation  during  extremely  droughty  conditions. 
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Section  9.  SPACE  PLANNING  AND  PROGRAMMING 


1.  ACCESS.  One  of  the  major  problems  in  the  siting  and  site  planning  of 
earth-sheltered  facilities  is  the  need  to  provide  adequate  and  efficient 
access  to  the  building.  This  usually  conflicts  with  the  goal  of  maintaining 
a  maximum  amount  of  earth-contact.  A  large  number  of  access  points  may 
reduce  the  amount  of  earth-sheltering  and  often  requires  retaining  walls  at 
bermed  areas. 

In  climates  which  have  snow  and  ice,  ramps  used  for  pedestrian  access 
and  exiting  that  have  a  gradient  exceeding  5  percent  should  be  provided  with 
a  system  for  protection  from  snow  and  ice. 

Consideration  should  be  given  in  design  to  the  maintenance  of  depressed 
entrance  areas— especially  snow  removal  (where  required).  Space  for 
stockpiling  snow  should  be  provided  within  the  depressed  area  when 
feasible.  To  avoid  expensive  hand  labor  for  cleaning  paved  areas,  access  by 
snow-removal  equipment  should  be  considered. 

Access  for  vehicles,  including  warehouse  docking  facilities,  can  be 
difficult  to  design  in  an  earth-sheltered  building.  Service  and  vehicular 
access  functions,  which  are  frequently  the  least  attractive,  will  be  among 
the  most  prominent.  Some  or  all  of  the  following  vehicular  access  functions 
may  have  to  be  accommodated,  both  in  terms  of  appearance  and  site 
engineering. 

A  means  of  removing  and  servicing  mechanical  equipment  must  be 
provided.  If  possible,  this  access  point  should  be  grouped  with  storage  and 
material-handling  functions  away  from  pedestrian  entrances.  However,  to 
maximize  the  utility  of  exposed  wall  areas,  the  designer  should  consider  the 
possibility  of  locating  a  required  fire  exit  here,  rather  than  opening  up 
another  wall  area.  In  this  case,  special  provisions  may  be  necessary  to 
keep  the  exit  path  unobstructed. 

Refuse  collection  and  outdoor  storage  areas  should  be  located  away  from 
primary  entrances.  Depressed  storage  areas  with  retaining  walls  on  three 
sides  should  be  considered  as  a  strategy  for  concealing  the  area  as  well  as 
maintaining  a  maximum  of  earth-contact  against  the  building. 

If  the  topography  of  the  site  is  relatively  flat,  the  elevation  of  the 
loading  berths  places  an  additional  restriction  on  how  low  a  building  can  be 
sited  before  special  provisions  are  required  to  handle  surface  drainage.  In 
addition,  greatly  depressed  loading  berths  may  require  inefficient  and 
expensive  ramps  or  runout  areas  to  reach  the  elevation  of  an  existing  road. 
Because  the  practical  gradients  for  truck  ramping  are  low,  the  necessary 
runout  length  may  not  be  possible  within  the  available  area  of  the  site. 

The  alternative  of  loading  at  a  mezzanine  level  may  be  too  inefficient. 

Intake  air  louvers  should  not  be  located  near  service  drives  or  other 
areas  having  exhaust  fumes. 

Allowance  must  be  made  for  unobtrusive  locations  for  meters,  junction 
boxes,  fire  hydrants,  and  so  forth.  These  should  be  specified  and  not  left 
to  the  discretion  of  installers. 
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2.  Fir.S-?IGUTi;;G  ACCESS.  An  autoraatic  f ire-axtinguishing  system  may  have 
to  be  provided  (sea  Section  12,  Fire  Protection  and  Life-Safety  and  NAVFAC 
P;i-8,  Fire  Protection  En'~; ir.earin'’)  . 

3.  TE-V.'EL  DISTANCES  AiiD  EXITS.  In  order  to  maximize  earth-contact,  it  is 
desirable  to  minimize  the  number  of  entrances.  Retaining  walls  may  be  used 
at  access  locations  to  maximize  earth-contact,  however,  retaining  walls  can 
be  costly.  Ic  is  therefore  desirable  to  plan  the  building  so  that  the 
number  of  access  points  is  kept  to  a  minimum.  Refer  to  NAVFAC  DM-8  for 
requirexents  for  travel  distances  and  exits. 


4.  iIEC’.L'EJICi'VL  ZOMIEG.  The  location  of  functions  having  different  areas  and 
different  HVAC  requirements  will  aflect  the  energy  savings  attributable  to 
earth-contact.  Large  undivided  floor  areas  placed  on  exterior 
earth-sheltered  walls  will  allow  a  greater  volume  of  the  building  to 
interact  V7ith  the  exterior  walls.  The  overall  amounts  of  energy  saved  will 
usually  be  improved  if  the  functions  having  larger  energy  demands  are 
located  on  the  perimeter.  An  open-plan  arrangement  for  the  perimeter  areas 
cay  be  a  workable  alternative  to  relocating  functions.  On  a  bermed  exterior 
'wall  having  fenestration,  locating  open-plan  areas  on  the  perimeter  will 
alco  has  the  advantage  of  distributing  natural  light  to  a  greater  portion  of 
the  building. 

5.  STRUCTURAL  BAY  WITH  EARTH  COVER.  One  of  the  consequences  of  placing 
earth  on  the  roof  is  the  additional  structural  cost.  Structural  costs  can 
be  reduced  in  some  instances  by  either  employing  a  different  structural 
system,  such  as  barrel  vaults,  or  by  reducing  the  bay  sizes  (see  Chapter  6, 
Structural).  Often  the  bay  size  can  be  reduced  without  compromising  the 
functioning  of  the  building.  For  instance,  in  warehouses  where  column  lines 
are  located  in  the  space  between  back-to-back  palletized  storage  racks,  the 
nv.-mber  of  columns  can  be  increased  without  interfering  with  the  rtorage 

?  ayout. 

6.  OPTIHIZATION  OF  E.ARTH-COOTACT.  In  roost  instances,  earth-contact  will 
yield  greater,  energy  savings  than  construction  which  is  exposed  to  the 
weather.  Possible  exceptions  to  this  include  small  buildings  or  perimeter 
zones  that  could  otharwise  take  advantage  of  either  passive  solar  gain  or 
passive  cooling  by  ventilation.  Appendix  A  provides  tables  for 

(1  atermination  of  belcw-grade  heat  flux  as  a  function  of  climate,  soil  type, 
insulation,  and  depth  below  grade.  Construction  costs  and  planning 
considerations  will  normally  prevail  over  any  attempt  to  optimize  the 
building  shape  for  thermal  performance.  However,  the  following  observations 
will  serve  as  a  conceptual  guide. 


a.  Earth-Sheltered  Building  With  Positive  Year-Round  Heat  Flux.  In 
cold  clinatea,  large  buildings  with  normal  internal  gains  nearly  always 
experience  a  positive  heat  flow  (from  the  building  interior  to  the  earth 
mass).  In  these  buildings  energy  efficiency  is  improved  by  minimizing  the 
peximeter  wall  area  and  by  maximizing  the  average  distance  to  the  ground 
surface.  Insulation  placement  should  be  separately  optimized. 
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Bulldlags  with  large  Internal  gains,  however,  can  often  be 
optimized  by  Increasing  the  earth-contact  area.  Such  buildings  In  cold  and 
In  moderate  climates  have  predominant  cooling  loads  even  In  winter. 
Hlgh-lntemal-galn  functions  placed  on  the  perimeter  will  experience  a 
year-round  cooling  benefit.  An  Increased  floor-slab  area  will  also 
contribute  to  cooling  In  this  case. 

b.  Earth-Sheltered  Buildings  with  Negative  Year-Round  Heat  Flux. 
Earth-sheltered  buildings  In  very  hot  climates,  especially  those  with  large 
internal  heat  loads,  will  have  little  or  no  heating  requirements.  In  this 
case,  the  building  may  experience  heat  gain  from  the  surrounding  soil, 
especially  at  shallow  depths  In  summer  months.  Such  buildings  tend  to  be 
optimized  by  minimizing  the  building  wall  area  and  placing  the  building  at  a 
depth  near  the  constant  deep-ground  temperature.  However,  In  southern 
climates,  earth-sheltering  tends  to  act  more  as  a  buffer  to  the  climate  than 
as  a  positive  cooling  benefit.  Cooling  derived  from  earth-contact  surfaces 
In  southern  climates  tends  to  be  Insignificant. 

c.  Earth-Sheltered  Buildings  with  Both  Heating  and  Cooling  Benefits. 
The  majority  of  earth-sheltered  buildings.  In  particular  those  In  temperate 
climates,  will  benefit  In  both  hoatlng  and  cooling.  In  general,  the  goal  Is 
to  get  ground  temperatures  to  offset  the  direction  of  seasonal  heat  flow. 
Ground  temperkturea  warmed  during  the  cooling  season.  In  which  there  was  a 
high  thermostat  setting,  will  release  the  stored  heat  during  the  heating 
mode  when  the  thermostat  setting  Is  lower.  Similarly,  the  lowered  ground 
temperatures  In  the  heating  mode  Increase  the  heat  sink  capacity  of  the 
earth  In  the  cooling  mode.  The  extent  to  which  earth  contact  offsets  both 
negative  and  positive  heat  flux  and  the  depths  at  which  this  Is  maximized 
must  be  estimated  using  the  criteria  provided  In  Section  18. 

The  question  of  wall  area  at  these  depths  Is  answered  by  comparing 
the  net  energy  usages  of  perimeter  zones  and  Internal  zones  which  are 
otherwise  Identical.  If  the  earth-contact  perimeter  zones  use  less  total 
energy  than  the  Interior  zones,  then  the  building  configuration  can  be 
optimized  (In  terms  of  energy  savings)  by  reducing  the  number  of  Interior 
zones  and  Increasing  the  number  of  exterior  zones.  Tills  would  Imply  a 
configuration  with  maximum  wall  area  at  the  predetermined  depth.  If,  on  the 
other  hand,  the  Internal  zones  have  a  better  total-energy  performance  than 
the  earth-contact  exterior  zones,  the  optimum  configuration  would  be  square 
In  plau. 

Caution  must  be  exercised,  however,  when  Increasing  the  earth- 
contact  surface  area.  The  construction  costs  for  additional  wall  areas  can. 
exceed  the  lifecycle  energy  savings  to  be  derived  from  the  reduced  Internal 
zones  and  Increased  earth-contact  area. 

7.  NATOHAL  LIGHT  AND  VIEWS.  The  requirement  for  natural  light  in  small 
earth-sheltered  buildings  Is  not  as  problematic  as  for  large  earth-sheltered 
buildings.  In  small  buildings,  natural  light,  views,  and  passive  solar  can 
work  together  to  serve  a  significant  portion  of  the  building.  Large 
earth-sheltered  btilldlngs,  on  the  other  hand,  must  often  resort  to 
clerestories  and  atriums  to  make  the  building  more  habitable.  The 
disadvantages  tend  to  Include  both  Increased  Initial  cost  and  higher  energy 
loads. 


relatively  small  portion  of  the  building  envelope.  Window  orientation 
(unless  combined  with  passive  solar  systems)  should,  therefore,  be 
determined  primarily  by  building  function  and  the  exterior  views. 
Differences  in  potential  heat  gains  or  losses  due  to  compass  orientation 
should  be  the  second  priority. 


When  exterior  views  are  limited  by  an  earth-sheltered  configuration,  it 
is  often  desirable  to  provide  internal  atriums  or  spaces  which  provide  an 
alternative  visual  relief.  In  this  case,  life  safety  must  be  given  special 
consideration. 


8.  MAINTENANCE  AND  SECURITY.  Some  building  elements  may  be  more  prone  to 
damage  than  in  conventional  buildings  because  of  the  ease  of  access  by 
non-authorized  personnel.  Examples  of  such  building  elements  are  building 
vents  and  skylights  which  may  be  quite  readily  accessible  on  an 
earth-covered  roof.  Design  for  such  building  elements  should  include 
considerations  of  building  security,  privacy  and  noise  or  blast  protection 
if  necessary. 


Earth-cover  resists  casual  vandalism  damage  to  most  building  surfaces 
but  critical  points  are  building  services  such  as  vents,  which  are 
accessible  on  an  earth-covered  roof,  and  skylights,  which  may  also  be 
readily  accessible.  A  determined  vandal  could  also  cause  considerable 
damage  and  repair  cost  by  puncturing  the  roof  waterproofing  system  in  a 
disguised  location. 
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Section  10.  ENVIRONMENTAL  PSYCHOLOGY 


1.  EFFECT  OF  PHYSICAL  CHARACTERISTICS.  The  location  of  a  building  slightly 
below-grade  does  not  preclude  providing  the  amenities  of  natural  light, 
sunshine,  and  exterior  views.  There  are,  however,  psychological  barriers  to 
the  physical  location  of  a  space  below  grade  even  if  it  has  the  Identical 
physical  amenities  of  a  a  conventional  building.  Such  fears  may  be  related 
to  a  fear  of  structural  collapse,  burial,  or  entrapment  by  fire  or  flood. 
Psychological  reactions  to  an  underground  location  tend  to  heighten 
awareness  of  physical  characteristics  that  may  go  unnoticed  in  a 
conventional  building.  The  following  considerations  affect  the  perception 
of  earth-sheltered  space. 

a.  Natural  Light  and  Views.  Access  to  natural  light  is  important  to 
users  of  a  building  even  if  the  proportion  of  daylight  to  artificial 
lighting  is  relatively  low.  The  feeling  produced  by  daylight,  its 
variability  and  the  sense  of  contact  with  the  outside  world  are  important 
reasons  for  its  desirability  (see  Section  11,  Natural  Lighting,  Skylights 
and  Passive  Solar). 

Windows  are  desired  for  their  ability  to  provide  a  direct  view,  to 
monitor  weather  conditions,  provide  a  sense  of  contact  with  the  environment 
and  to  provide  visual  relief  from  the  immediate  surroundings. 

b.  Horizontal  Access.  A  horizontal  entrance  into  a  below-grade 
building  will  reduce  the  impression  of  entering  an  underground  space  (see 
Section  6,  Site  Context). 

c.  Internal  Spaciousness.  The  fear  of  tight  or  enclosed  spaces  is 
clearly  a  potential  problem  for  users  of  an  earth-sheltered  building. 
Building  designs  that  allow  natural  light,  provide  a  good  internal 
environment,  and  have  a  spacious  interior  will  reduce  the  claustrophobic 
effect  of  a  below-grade  space. 

Since  the  functions  of  a  window,  besides  admitting  light,  are  to 
extend  the  immediate  environment  of  the  building  occupant  and  provide  visual 
change  and  relief,  improvement  in  user  satisfaction  and  contentment  can  be 
obtained  with  more  spacious  interiors.  _ 

Carefully  planned  interior  views  which  utilize  borrowed  lights, 
open-plan  arrangements,  atriums,  and/or  skylights  will  achieve  greater 
visual  relief  and  spaciousness.  ' 

d.  Internal  Environmental  Conditions.  Windowless-  or  underground- 
building  users  frequently  complain  of  poor  temperature  and  humidity  control 
and  a  lack  of  ventilation  or  stuffiness.  These  complaints  should  be  no  more 
of  a  problem  for  a  below-grade  or  windowless  building  than  for  a  sealed 
climate-controlled  conventional  building.  In  fact,  temperature  and  humidity 
control  should  be  easier  to  obtain  than  in  an  above-ground  building.  In 
addition  to  the  actual  air  changes  provided,  the  user  perception  of 
ventilation  is  important.  Where  a  superior  internal  environmental  control 
of  an  earth-sheltered  building  is  made  apparent,  this  will  be  recognized  as 
a  compensation  by  most  building  users. 


Good  ventilation  should  be  provided  to  work  stations  and  it  should 
be  felt  or  observed.  Individual  temperature  control  may  improve  the 
perception  of  an  adequate  mechanical  system. 

e.  Spatial  Orientation.  Since  orientation  to  surrounding  buildings 
and  other  external  features  can  be  lost  underground,  disorientation  may 
affect  the  perception  of  visitors  to  an  underground  facility.  Simple 
building  layouts  and  clear  coding  or  signing  of  circulation  areas  is 
important.  Color  coding,  preferably  warm  colors,  may  assist  orientation. 
Courtyards  and  skylights  can  also  provide  occasional  chances  for  orientation. 

2.  EFFECT  OF  WORK  CONDITIONS.  The  following  work  conditions  can  affect  the 
perception  of  a  building. 

a.  Internal  Ac tivi ty .  Internal  activity  within  a  building  that  can 
offset  the  lack  of  external  stimuli  will  normally  be  beneficial  in  a  work 
environment,  provided  that  it  is  not  too  intrusive  in  terms  of  noise  or 
distraction. 

b.  Length  of  Stay.  An  individua|'s  reaction  to  an  underground  or 
windowless  environment  may  be  substantially  colored  by  the  length  of  time  he 
or  she  expects  to  spend  in  that  environment.  Underground  facilities 
primarily  used  for  short-term  activities  such  as  indoor  sports  facilities, 
restaurants,  and  shopping  centers  will  I  thus  normally  raise  fewer  objections 
than  an  underground  office. 

1 

c.  Need  for  Underground  Locations  Employees  of  underground  or 
windowless  facilities  appear  to  be  more  accepting  of  their  environment  if 
they  perceive  a  rational  basis  for  the  location  or  design  of  the  facility. 

In  other  words,  since  windows  are  detrimental  to  the  operation  of  many 
sports  facilities,  museums,  restaurant^  and  shops,  employees  working  in 
these  facilities  may  be  more  resigned  to  their  drawbacks.  Similarly, 
windowless  precision  laboratory  and  manufacturing  environments  provoke  less 
criticism  than  a  windowless  office  building. 

d.  Job  Satisfaction.  Employees  who  derive  considerable  satisfaction 
from  their  work  may  be  more  tolerant  of  windowless  space  than  employees  who 
work  at  repetitive  tasks. 

e.  Noise.  Reduction  of  noise  levels  from  sources  external  to  the 
building  may  be  an  important  benefit  to  occupants  in  a  noisy  exterior 
environment— close  to  an  airport  or  freeway — for  instance.  Internal  noise 
levels  should  be  controlled  to  provide  a  balance  between  an  unnerving 
silence  and  a  disturbing  level  or  noise. 


M 


1.4-53 


-*■ 


Section  11.  NATURAL  LIGHTING,  SKYLIGHTS,  AND  PASSIVE  SOLAR 

1.  METHODS  OF  DAYLIGHTING  EARTH-SHELTERED  SPACE.  Day lighting  is  one  of  the 
more  promising  energy  conservation  strategies  for  reducing  lighting  loads,  but 
it  needs  to  be  carried  out  very  efficiently  in  order  to  achieve  the  maximum 
gain  and  to  avoid  the  danger  of  increasing  the  summer  cooling  and  the  winter 
heating  loads.  In  general,  daylighting  can  be  divided  into  two  categories: 

(1)  day lighting  schemes  which  rely  strictly  on  the  beam  component  of  the  son, 
and  (2)  strategies  which  utilize  both  the  beam  and  diffuse  components. 

a.  Beamed  Daylight ing.  Beamed  daylighting  shows  the  most  promise  in 
lighting  deep  underground  space  since  the  light  can  be  projected  through  the 
building  interior  for  delivery  to  target  spaces.  The  optical  systems  required 
to  do  this  are  very  sophisticated.  The  components  for  such  a  system  include  a 
set  of  heliostats  (sun  trackers),  and  a  system  of  lenses  and  mirrors  in  an 
arrangement  through  which  light  can  be  projected.  A  major  advantage  of  this 
system  is  the  ability  to  bring  large  amounts  of  light  through  small  window 
openings.  Cold  mirrors  may  be  incorporated  into  the  system  to  separate  the 
infrared  part  of  the  spectrum  from  the  visible,  thus  reducing  cooling  loads. 

A  lighting  source  such  as  this  will  produce  one-fourth  les  heat  than  a 
fluorescent  fixture  providing  the  same  amount  of  light. 

Light  shelves  are  an  attractive  alternate  to  the  "high  tech"  solar 
optics  discussed  above.  This  technique  is  a  very  wor.cable  daylighting 
solution  for  single-story  earth-sheltered  structures.  The  greatest  asset  of 
this  system  is  that  no  moving  parts  are  required.  This  system  is  most  suited 
to  ambient  lighting. 

b.  Diffuse  Daylighting.  Daylighting  strategies  that  rely  on  the  diffuse 
solar  component  are  much  simpler  to  design  than  systems  which  utilize  the  beam 
component.  These  systems  do  not  require  moving  parts,  and  are  less  likely  to 
cause  visual  comfort  problems.  Such  systems  include  the  use  of  windows  and 
skylights. 

2.  PASSIVE  SOLAR  APPLICATIONS  FOR  EARTH-SHELTERED  BUILDINGS.  Passive  heating 
and  cooling  techniques  can  be  effectively  incorporated  into  earth-sheltered 
building  design  to  further  reduce  space  conditioning  loads.  Design 
optimization  requires  manipulation  of  the  building  configuration,  orientation, 
and  construction. 

The  heat  transfer  process  in  passively  heated  and  cooled  buildings  is 
variable  and  of  low  density.  As  a  result,  passive  energy  performance  is 
difficult  to  estimate.  To  date,  the  only  accurate  way  to  estimate  energy 
performance  is  the  use  of  computer  modeling.  This  technique  provides  an 
interactive  approach  to  passive  design  and  enables  a  parametric  analysis  to  be 
carried  out  quickly.  At  present,  however,  this  technique  has  not  been  fully 
developed  and  is  not  universally  cost  effective  to  the  designer. 

Window  location  may  affect  the  overall  building  configuration.  Buildings 
oriented  to  the  south  can  take  advantage  of  direct  solar  gain.  Spaces  that 
are  remote  from  the  south  side  of  the  building  may  take  advantage  of  skylights 
and  clerestories.  Clerestories  will  normally  be  preferred  to  skylights  in 
earth-sheltered  construction  since  they  allow  fixed  seasonal  shading,  are 
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typically  less  expensive  and  need  less  maintenance,  and  accept  thermal 
shuttering  more  readily.  In  addition,  depending  on  the  configuration, 
clerestories  may  allow  partial  earth-sheltering.  Where  lack  of  fenestration 
may  Impair  the  psychological  habitability  of  the  building,  passive 
clerestories  may  be  especially  appropriate. 

a.  Direct  Gain  Systems.  Because  direct  gain  techniques  may  result  In  a 
greater  range  of  room  temperatures.  It  Is  Important  to  carefully  assess  the 
needs  of  the  occupants.  Some  occupants  may  permit  a  wide  range  of  temperature 
fluctuations;  others  may  not.  Further,  some  activities  may  not  be  amenable  to 
direct  solar  gain.  In  some  cases,  north  light  will  be  preferred. 

These  conditions  will  affect  the  type  of  glazing  to  be  used.  In 
place  of  clear  glazing,  translucent  materials  such  as  diffusing  glass, 
fiberglass,  and  plastic  films  may  be  appropriate  (refer  to  NAVFAC  DM-8,  Fire 
Protection  Engineering,  for  use  of  plastic).  Reflective  glazing  may  reduce 
unwanted  radiation  as  well  as  provide  more  privacy  for  the  occupants.  Glazing 
that  diffuses  light  will  better  disperse  the  radiation  to  Interior  surfaces, 
resulting  In  more  even  temperatures. 

b.  Indirect  Gain  Systems.  As  applied  to  earth-sheltered  buildings, 
thermal  storage  walls  will  reduce  precious  views  to  the  exterior.  A  second 
disadvantage  Is  that  for  solar  heating,  this  system  does  not  take  advantage  of 
thermal  mass  Inherent  In  earth-sheltered  construction.  The  mass  associated 
with  eaith-shelterlng  Is  not  only  capable  of  storing  heat  on  a  diurnal  cycle, 
but  also  on  an  annual  cycle. 

Attached  sunspaces  allow  wide  temperature  fluctuations  which  reduce 
the  amount  of  thermal  mass  normally  required  In  a  direct  gain  system.  In  an 
earth-sheltered  building  with  abundant  mass,  this  may  not  be  a  distinct 
advantage.  For  large  earth-sheltered  buildings,  however,  sunspaces  have  the 
potential  to  provide  visual  relief  and  natural  light. 

Willis  between  the  sunspaces  and  the  building  provide  the  most 
effective  thermal  mass  for  diurnal  cycling.  These  walls,  especially  south¬ 
facing  walls,  receive  full  solar  Insolation  during  the  day  In  winter  months 
and  reradlate  heat  Into  the  Interior  space;  the  remaining  heat  warms  the 
sunspace.  Such  a  south-facing  wall  inside  a  sunspace  can  be  constructed  as  a 
passive  or  trombe  wall.  Heat  transfer  to  the  interior  spaces  can  be 
accomplished  by  direct  solar  transmission,  direct  air  exchange,  conduction 
through  common  walls,  or  by  storage  In  rock  beds. 

c.  Isolated  Gain  Systems.  In  an  Isolated  heating  system,  solar  heat  is 
collected  and  stored  In  an  area  set  apart  from  the  occupied  space.  Because 
the  occupied  area  Is  not  directly  exposed  to  the  sun,  the  amount  of  heat  It 
receives  can  be  more  closely  controlled  than  with  other  systems.  Earth- 
sheltering  does  not  necessarily  afford  additional  free  thermal  mass  In  this 
application. 

3.  CALCULATION  PROCEDURES  (GENERAL).  Currently,  the  only  accurate  way  of 
predicting  thermal  performance  In  earth-sheltered  buildings  Is  the  use  of 
computerized  hour-by-hour  simulations.  Simplified  methods  are  available  for 
small  above-grade  buildings  (see  Reference  7,  Passive  Solar  Design  Handbook, 
by  Balcomb). 
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Section  12.  FIRE  PROTECTION  AND  LIFE  SAFETY 


1.  AIR-HANDLING  SYSTEMS.  Refer  to  NAVFAC  DM-8,  Fire  Protection 
Engineering .  for  criteria  for  air  handling  systems.  The  following  general 
principles  apply  to  the  effective  use  of  air-handling  systems  for 
pressurization: 

a.  Negative  Pressures.  A  negative  air  pressure  should  be  obtained  in 
the  fire/smoke  area  by  the  shutdown  of  air  supply  fans  and  diversion  of 
return  air  directly  to  outside. 

b.  Positive  Pressures.  A  positive  air  pressure  should  be  obtained  in 
adjacent  areas  by  the  shutdown  of  return  air  fans  and  by  using  100  percent 
outside  air. 

c.  Fire /Smoke  Areas.  Separate  fan  and  duct  systems  shall  be  used  for 
each  fire  area.  Where  the  building  is  not  divided  into  fire/smoke  areas, 
all  supply  air  must  immediately  shut  off  and  all  return  air  exhausted  to  the 

exterior. 

2.  SMOKE  AND  HEAT  VENTING.  Refer  to  NAVFAC  DM-8  for  design  requirements 
for  smoke  and  heat  roof  vents.  To  effectively  implement  these  requirements, 
the  designer  should  be  aware  of  the  considerations  discussed  below.  See 
also  NFPA  101,  Life  Safety  Code,  for  outside  smoke  venting  requirements. 

Smoke  venting  is  used  to  alleviate  smoke  and  heat  build-up  in  an 
underground  or  windowless  building  by  exhausting  smoke  and  fire  gases  from 
the  building.  The  current  trend  in  firefighting,  however,  is  to  provide 
venting  only  after  the  fire  is  out.  Storage  buildings  may  require  extensive 
venting  facilities,  whereas  buildings  with  low  fire  loading,  noncor.bustible 
construction,  and  automatic  sprinklers  may  be  cleared  of  smoke  through  the 
ventilation  system  provided  for  normal  changes  of  air. 

Vents  are  most  applicable  to  large-area  one-story  buildings  lacking 
adequate  subdivision.  They  are  also  useful  in  windowless  and 
earth-sheltered  buildings.  Vents  are  not  a  substitute  for  automatic 
sprinkler  protection. 

Where  vents  are  used  on  windowless  buildings  it  is  necessary  to  ensure 
that  there  is  an  area  of  openings  near  the  ground,  at  least  equal  to  the 
area  of  the  vents,  or  the  vents  will  not  function  effectively. 

Vents  will  not  function  in  earth-sheltered  buildings  unless  provision  is 
made  for  air  to  enter  the  burning  compartment  near  floor  level.  Fresh  air 
falling  through  the  layer  of  hot  smoky  gases  will  itself  become  heated  and 
smoky.  Sprinklers  will  cool  the  gases. 

In  below-grade  areas  where  gravity  venting  is  not  feasible,  power 
ventilators  can  provide  positive  heat  and  smoke  venting.  If  venting  is 
initiated  only  to  clear  the  smoke  after  the  fire,  then  power  ventilators 
will  be  more  suitable. 

In  large,  high  spaces,  smoke  can  be  exhausted  with  roof-mounted  fans 
only  to  a  height  of  50  to  60  feet  (15  000  to  18  000  mm).  If  smoke  becomes 
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cool,  wet  or  heavy  because  of  the  operation  of  the  sprinkler  system,  and  the 
ceiling  is  higher  than  55  feet  (16500  mm),  it  is  necessary  to  mechanically 
introduce  air  at  the  floor  level  in  order  to  remove  the  smoke  through  the 
vents.  The  supply  air  should  be  directed  vertically—roughly  in  line  with 
the  exhaust  fans.  The  supply  should  be  75  percent  of  the  exhaust. 

3.  FIRE  DEPARTMENT  ACCESS.  Access  to  a  building  for  manual  fire-fighting 
must  be  made  easy.  Normally  the  usual  entrances  to  a  building  will  provide 
satisfactory  access  for  fire- fighters,  but  this  may  not  always  be  the  case 
with  underground  buildings.  A  fire  in  these  spaces  often  becooies  an 
excessively  smoky  fire.  In  addition,  heat  build-up  is  usually  sure  intense 
because  heat  venting  is  inadequate.  Firefighters  are  therefore  often  placed 
in  the  position  of  attacking  fires  in  these  spaces  in  the  face  of  the  heat 
and  smoke. 

For  access  requirements  for  windowless  buildings,  refer  to  the 
provisions  of  NAVFAC  DM-8. 

4.  REQUIREMENT  FCA  AUTOMATIC  FIRE-EXTINGUISHING  SYSTEM.  NAVFAC  DH-S 
requires  an  automatic  sprinkler  system  for  windowless  or  underground 
structures,  "when  the  combustibility  of  the  contents,  or  life-safety 
features,  warrant  the  protection." 

Note,  however,  that  earth-sheltered  buildings  are  not  necessarily 
"underground  structures."  "Structure"  is  defined  by  NFPA  101,  Chapter  30, 
as  follows:  "A  structure  in  which  there  is  no  direct  access  to  outdoors  or 
to  another  fire  area  other  than  by  upward  travel."  It  is  therefore  possible 
to  have  an  earth-sheltered  building  where  the  direction  of  travel  is 
dotmward  or  horizontal.  A  building  built  into  a  hillside  with  exits  on  the. 
exposed  wall  would  be  an  example. 

5.  FIRE  SEPARATION  OF  STRUCTURES.  Refer  to  NAVFAC  DM-8  for  separation 
criteria.  Completely  below-grade  buildings  are  not  considered  in  the  above 
fire  separation  criteria  and  safe  separation  should  be  analyzed  using 
available  criteria  in  other  publications  such  as  DOD  4270. 1-M  (see  Criteria 
Sources)  and  the  Uniform  Building  Code,  sub'ect  to  NAVFAC  approval. 

NAVFAC  DM-8  requires  that  all  grass,  weeds,  and  brush  within  25  feet 
(7500  mm)  of  all  structures  be  kept  trimmed. 

6.  DRAINAGE.  Drainage  of  water  from  sprinkler  discharge  or  from  ^ose 
streams  can  be  a  serious  problem  in  underground  structures  and  therefore 
requires  study  in  the  early  planning  stages.  If  provisions  for  draljinage  are 
required  for  reasons  other  than  fire  protection,  it  may  be  possible!  to  use 
only  one  drainage  system  for  all  purposes,  provided  that  it  is  designed  to 
handle  the  expected  maximum  flow. 
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Refer  to  National  Fire  Protection  Association,  Fire  Protection  Handbook, 
Section  6,  for  relevant  criteria  (see  Criteria  Sources) . 

Watertight  floors  are  important  in  preventing  the  spread  of  watei 
damage.  Of  greater  importance  is  the  number  and  location  of  floor  drains. 

If  interior  drains  and  scuppers  are  available,  salvage  teams  can  remove 
water  effectively  with  a  minimum  of  damage. 
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Although  gravity  flow  drainage  is  the  most  reliable  means  of  removing 
water >  mechanical  means  may  have  to  be  used  in  areas  below  grade •  A  waste 
removal  pump  is  best,  and  it  should  take  suction  from  a  screened  sump. 
Electric  power  for  the  sump  pump  should  be  taken  off  ahead  of  the  service 
disconnecting  means  so  that  the  building  power  can  be  interrupted  for 
f ire r ighting  without  interfering  with  the  pump  operation.  Emergency  power 
should  be  provided  for  the  pump  system. 

7.  LIFE  SAFETY.  General  life-safety  criteria  are  covered  in  NAVFAC  pM-8. 

In  addition  to  meeting  the  exit  requirements  contained  or  referenced  in 
NAVFAC  DM-8,  the  following  practices  are  suggested: 

a.  Refuge  Areas.  Maximum  division  of  areas  limits  fire  extent  and 
severity,  and  provides  areas  of  refuge  for  occupants.  Temporary  refuge 
areas,  stairwells,  and  elevator  shafts  are  often  the  prinicipal  areas  where 
pressurization  and  barriers  may  be  utilized  effectively.  The  Federal 
Building  in  Seattle,  Washington,  for  example,  combines  exhausting  the  fire 
floor  and  the  use  of  physical  barriers  and  pressurization  of  spaces  above 
and  below  the  fire  to  confine  the  smoke  to  the  fire  area  and  to  protect  the 
occupants  in  refuge  areas  within  the  building. 

j  Stairways  may  be  pressured  to  help  ensure  smoke— free  conditions. 
From!  a  theoretical  viewpoint,  the  magnitude  of  pressure  need  be  only 
slightly  greater  than  the  pressure  of  the  smoky  atmosphere.  From  a 
practical  viewpoint,  a  positive  pressure  of  0.05  to  0.10  inches  (1.27  mm  to 
2.54  omi)  of  water  column  should  be  maintained,  even  with  as  many  as  three 
stairwell  doors  open. 

i 

For  the  safety  of  the  occupants,  every  level  of  a  windowless  or 
underground  building  should  be  divided  into  two  or  more  separate  areas  to 
provide  safe  places  of  refuge  within  that  level.  Areas  of  refuge  are  not 
substitutes  for  the  required  exits;  however,  areas  of  refuge  should  be 
considered  when  life-safety  provisions  are  minimal.  Each  refuge  urea  or 
"fifle  area"  should  be  on  an  independent  air  supply  and  exhaust  system.  The 
separation  between  areas  is  critical.  A  possible  configuration  might  locate 
a  vestibule  between  adjoining  areas  with  the  vestibule  vented  as  would  be 
required  for  a  mechanically-operated  smokeproof  enclosure.  If  pipe  or 
conduit  goes  through  the  separation  wall  which  establishes  the  refuge  area, 
penetrations  must  be  tightly  caulked  to  prevent  passage  of  smoke.  The  use 
of  listed  and  tested  transition  devices  is  suggested.  Ideally,  there  should 
be  no  ducts  through  that  wall.  Other  penetrations  should  be  limited  to  the 
connecting  horizontal  exit. 

b.  Goal-Oriented  Exit  Design.  Goal-oriented  (dynamic  evaluation)  exit 
design  is  discussed  in  the  NFPA  Fire  Protection  Handbook  although  it  is  not 
identified  in  either  the  Uniform  Building  Code  or  NFPA  101,  Life  Safety 
Code,  (see  Criteria  Sources)  as  an  alternate  to  the  more  specific  exit 
requirements. 


Fatigue  is  judged  to  become  important  after  five  minutes  of  travel 
in  a  downward  direction  or  one  minute  of  travel  in  an  upward  direction.  To 
help  reduce  fatigue,  stairs  can  be  made  more  gradual.  Instead  of  the  7-inch 
(178-mm)  rise  and  10-inch  (254-mm)  run  stairs,  a  7-inch  (178-mm)  rise  with 
an  11-inch  (279-mm)  run  would  significantly  reduce  the  amount  of  energy  a 
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person  would  have  to  expend  in  climbing.  It  can  take  about  30  percent  less 
energy  to  climb  up  the  more  shallow  stairs. 

It  is  suggested  that  the  following  performance  criteria  be  applied 
in  addition  to  meeting  the  criteria  cited  in  NAVFAC  DM-8: 

(1)  All  occupants  exposed  to  the  fire  environment  should  be  able 
to  evacuate  to  a  safe  area  within  90  seconds  of  alarm. 

(2)  A  portion  of  this  time,  not  to  exceed  approximately  15 
seconds,  can  be  involved  in  traveling  in  a  direction  towards  the  fire. 

(3)  All  occupants  should  reach  an  area  of  refuge  within  five 
minutes  of  downward  vertical  travel  or  within  one  minute  of  upward  vertical 
movement  (fatigue  is  judged  to  be  important  after  these  travel  tiroes). 

c.  Exit  Enclosures.  Exits  from  underground  buildings  which  involve 
upward  travel,  such  as  ascending  stairs  or  ramps,  are  provided  for  in  NFPA 
101,  Life  Safety  Code.  These  recommendations  take  into  consideration  the 
panic  that  may  result  when  there  is  no  direct  access  to  the  outside  and  no 
windows  to  permit  fire  department  rescue  or  ventilation. 

Exits  involving  upward  travel,  if  more  than  one-story  or  15  feet 
vertically,  must  be  cut  off  from  main  floor  areas  and  provided  with  outside 
smoke  venting  or  other  means  to  prevent  the  exits  from  becoming  charged  with 
smoke.  In  any  fire,  some  carbon  monoxide  will  tend  to  collect  at  the  bottom 
of  the  stair  enclosures.  Consequently,  there  is  some  life-safety  advantage 
in  locating  the  exit  from  the  stair  enclosure  above  the  lowest  level  of  the 
enclosure.  VThere  downward  exiting  occurs,  provisions  must  be  made  to 
pre^ 2nt  downward  travel  past  the  exit  door. 

d.  Elevators.  Elevators  are  no«  exits  but,  in  practice,  they  may  be 
used  to  get  people  out  and  firefighters  in.  A  normal  person  can  go  down 
stairs  for  about  five  stories  before  the  legs  begin  to  feel  the  strain  and 
slowing  occurs.  If  people  are  deep  in  the  ground,  they  may  have  to  depend 
on  mechanical  systems  to  evacuate  them  from  the  place  of  refuge. 

Elevator  lobbies  could  serve  as  refuge  areas  if  both  the  lobbies 
and  the  hoistways  are  pressurized  to  prevent  the  entry  of  smoke.  If  0.06 
inches  (1.52  mm)  of  water  column  is  the  pressurization  to  be  expected  from  a 
fire  in  a  sprinklered  building,  the  lobby  would  have  to  be  pressurized  to 
about  0.08  inches  (2.03  mm)  of  water  column.  Further,  all  elevators  should 
be  programmed  to  return  to  the  grade-level  exit  floor.  This  operation  is 
activated  by  the  building  smoke  detection  system. 
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Section  13.  WATERPROOFING 


1.  SOURCES  OF  MOISTURE.  The  basic  sources  of  moisture  are: 

o  Surface  runoff 
o  Water  table 
o  Temporary  water  pressure 
0  Vapor  pressure 
o  Capillary  draw 

Surface  runoff  met  be  handled  by  proper  site  planning  and  landscape 
design.  Since  building  below  the  water  table  is  a  very  poor  condition  for 
construction,  the  first  objective  in  site  selection  and  planning  should  be 
to  avoid  the  water  cable.  A  structure  that  must  be  built  partially  below 
ths  water  table  will  require  either  extensive  drainage  in  order  to 
permanently  depress  the  water  table,  or  it  must  be  completely  waterproof  and 
designed  to  withstand  the  pressures  in  both  walls  and  floor.  Temporary 
water  pressure  against  below-grade  walls  is  caused  by  excessive  rains  which 
cannot  be  adequately  handled  by  surface  or  subsurface  drainage  systems. 
Although  the  frequency  of  occurrence  and  the  magnitude  of  these  temporary 
pressures  can  be  reduced  by  site  planning  and  drainage  techniques,  they  are 
unlikely  to  be  completely  eliminated. 

The  final  two  sources  of  moisture,  vapor  pressure  and  capillary  draw, 
are  handled  primarily  by  placing  the  waterproofing  skin  against  Che 
structure  of  the  building.  Reducing  the  moisture  content  of  the  soil 
through  drainage  can  also  help  minimise  these  problems.  Depending  on  the 
relative  humidity  and  temperature  conditions  of  Che  soil  and  the  interior 
air  of  the  building,  differencial  vapor  pressures  can  cause  water  vapor  to 
flow  from  the  soil  into  the  building.  When  this  occurs,  the  waterproofing 
on  the  outside  of  Che  wall  can  alleviate  the  moisture  problem.  Condensation 
problems  caused  by  high  humidity  and  low  surface  temperatures  on  the  inside 
of  the  space  are  not  a  result  of  inadequate  waterproofing.  Capillary  draw, 
another  moisture  transport  mechanism,  which  can  occur  through  concrete  walls 
in  contact  with  moist  soil,  is  usually  handled  by  an  uq>ervious 
waterproofing  system.  It  can  also  be  eliminated  by  Creating  an  air  gap 
between  the  earth  and  the  wall. 
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2.  EVALUATION  OF  WATERPROOFING  SYSTEMS, 
on  at  least  the  folldwing  criteria: 


Product  evaluation  should  be  based 


o  durability  and  stability  underground 
o  capability  to  withstand  moveisenC  and  cracking 
o  capability  to  minimize  leaks  and  facilitate  repair 
o  appropriate  use 
o  application  procedure 
o  relative  costs 

«•  Dampproofing  Products.  This  group  of  products  includes  concrete 
admixtures,  polyethylene  sheets,  and  a  variety  of  surface  treatments  such  as 
epoxy  and  acrylic  paints,  simple  asphalt  and  pitch  coatings,  and  cement 
pargeting  (back  plastering)  that  can  be  applied  to  concrete  and  masonry 
walls.  It  is  important  to  distinguish  between  these  relatively  inexpensive, 
easily  applied  products  and  other  systems  that  use  some  of  the  same 
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materials  in  different  ways  to  yield  products  with  different  characteristics 
and,  in  some  cases,  improved  effectivenss  (see  the  sections  below  on 
cementitious  materials,  built-up  membranes,  and  modified  bitumens). 

Although  commonly  used  for  foundations  and  basements,  these  products  should 
not  be  considered  complete  and  adequate  waterproofing  systems.  The  term 
dampproofing  actually  connotes  the  prevention  of  dampness  but  not  full 
protection  from  water  that  may  enter  the  structure. 

(1)  Stability  and  Durability.  The  effectiveness  of  two  of  the 
most  commonly  used  dampproofing  products,  asphalt  and  pitch  coatings,  is 
questionable  when  they  are  used  underground  for  two  reasons.  First,  asphalt 
emulsions  can  re-emulisfy  in  the  presence  of  ground  water  over  a  long  period 
of  time  and  eventually  become  ineffective.  Second,  the  quality  of  both 
eppha’.t  and  pitch  has  deteriorated  in  recent  years.  Improvements  in  the  oil 
refir  lag  process  have  resulted  in  poorer  chemical  properties  in  the  asphalt 
by-p -oJ act.  Similarly,  as  health  standards  have  caused  some  of  the  more 
volatile  substances  to  be  removed  from  coal  tar  pitch,  a  more  brittle,  less 
effective  product  has  resulted.  It  should  be  pointed  out,  however,  that  a 
great  variety  of  asphalt  and  pitch  products,  with  a  potential  difference  in 
properties,  is  available.  Naturally  occurring  asphalts,  for  example,  would 
not  suffer  from  most  of  the  disadvantages  mentioned  above. 

Because  polyethylene  is  manufactured  with  a  consistent 
quality,  it  can  serve  as  a  good  vapor  barrier  if  it  is  carefully  applied  and 
seams  are  overlapped.  Although  clear  polyethylene  is  subject  to  degradation 
if  it  is  exposed  to  the  ultraviolet  rays  of  the  sun,  this  is  not  a  problem 
in  underground  applications.  Polyethylene  is  totally  inadequate  as  a 
waterproofing  system,  however.  It  is  not  puncture  resistant  and  it  is 
difficult,  if  not  impossible,  to  make  watertight  seams  in  the  field. 

Epoxy  and  acrylic  coatings  can  be  tough  and  adhere  well  to 
concrete  surfaces.  Using  concrete  admixtures  and  pargeting  with  a  dense 
cement  plaster  can  greatly  reduce  the  permeability  of  concrete.  Although 
some  of  these  dampproofing  products  can  be  effective  in  preventing  water 
from  entering  the  structure  and  are  also  relatively .stable  underground,  they 
nonetlieless  do  hot  represent  a  long-term  solution  to  waterproofing  because 
of  the  drawbacks  discussed  below. 

(2)  Ability  to  Withstand  Movement  and  Cracking.  Dampproofing 
products  may  be  integral  with  the  concrete  structure  (admixtures),  very 
brittle  (cement  pargeting),  or  applied  in  a  relatively  thin  layer  bonded  to 
the  surface  (epoxy  paints,  asphalt,  and  pitch  coatings).  In  none  of  these 
cases  does  the  product  have  any  real  ability  to  respond  to  movement  in  the 
structure  or  to  bridge  cracks.  Although  asphalt  and  pitch  have  some 
softness  and  flexibility  in  exposed  locations  in  summertime,  they  are 
usually  more  brittle  and  subject  to  cracking  when  used  at  consistently  low 
temperatures  underground.  Since  cracks  and  movement  are  virtually 
inevitable  in  concrete  structures,  this  is  the  greatest  shortcoming  of  these 
coatings.  Polyethylene,  on  the  other  hand,  has  some  ability  to  bridge 
cracks  and  adjust  to  movement  without  failing  because  it  is  a  sheet  rather 
than  a  coating.  For  underground  applications,  clear  polyethylene  is 
superior  to  black  polyethylene  as  it  is  not  exposed  to  sunlight. 

(3)  Ability  to  Minimize  Leaks  and  Facilitate  Repair.  Dampproofing 
products  are  incapable  of  resealing  any  punctures,  tears,  or  breaks  in  the 
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coating.  In  a  soft  and  flexible  state,  asphalt,  and  pitch  have  a  limited 
capability  to  reseal.  But,  in  the  presence  of  cooler,  below-grade 
temperatures,  these  materials  can  become  brittle.  Most  dampproofing 
products  are  integral  with  the  concrete  or  bonded  to  the  surface.  Because 
any  leaks  that  do  occur  cannot  travel  extensively  under  the  coating  (as  they 
could  with  a  sheet  or  membrane),  they  are  easier  to  locate.  Water  can, 
however,  travel  through  the  structural  cracks  and  voids,  which  can  be 
extensive  in  block  walls.  The  problem  of  localizing  a  leak  is  considerably 
greater  with  polyethylene.  Water  can  travel  easily  behind  the  loose-laid 
sheet.  If  the  sheet  is  bonded  to  the  surface,  the  tendency  for  water  to 
travel  is  reduced. 


(4)  Appropriate  Use.  These  products  are  not  recommended  for  any 
underground  application  where  a  complete  waterproofing  job  is  desired.  They 
are  appropriate  only  as  a  vapor  barrier  for  secondary  spaces  in  which  some 
moisture  and  dampness  can  be  tolerated. 

(5)  Application  Considerations.  The  various  coatings  can  be 
applied  by  unskilled  labor  and  are  either  sprayed,  troweled,  or  brushed  on. 
Specifications  for  temperature,  humidity,  and  surface  conditions  vary  with 
the  products.  Polyethylene  sheets  should  be  overlapped  generously  to  act  as 
an  effective  vapor  barrier. 

(6)  Relative  Costs.  Most  of  these  dsmpproofing  products  have 
relatively  low  labor  and  material  costs  compared  with  the  costs  of  thorough 
waterproofing  systems. 

b.  Built-Up  Asphalt  and  Pitch  Membranes.  This  type  of  membrane, 
consisting  of  layers  of  hot-mopped  asphalt  or  pitch  alternated  with  felt  or 
fabric  reinforcing  which  is  bonded  to  the  structure,  is  a  very  familiar  and 
commonly  used  product  on  conventional  roofs.  This  system  has  been  used  with 
some  success  in  various  underground  applications,  but  its  long-term 
durabilty  below-grade,  as  well  as  its  capability  to  perform  in  the  same 
manner  as  cn  conventional  roofs  are  questionable.  Long-term  performance  is 
more  critical  underground  because  the  waterproofing  is  not  easily  accessible 
for  repair  and  eventual  replacement. 

(1)  Stability  and  Durability.  The  long-term  stability  of  many 
a&phalt  and  pitch  products  underground  is  not  reliable.  Although  the  basic 
built-up  membrane  is  relati''ely  impervious  to  water  and  water  vapor  when 
first  installed,  constant  exposure  to  water  can  cause  deterioration  of  the 
asphalt.  As  for  the  fabric  rejinforcing,  organic  felts  will  eventually  rot 
with  constant  exposure  to  water,  whereas  glass-reinforced  fabrics  will  last 
much  longer. 

(2)  Capability  to  Wit^hstand  Movement  and  Cracking.  Built-up 
membranes  have  mechanical  strength  that  simple  asphalt  or  pitch  coatings  do 
not  have.  Nevertheless,  because  membranes  are  relatively  brittle  and 
inflexible  at  cool  below-grade  temperatures,  they  cannot  absorb  movement  or 
bridge  cracks  in  the  concrete  structure. 

(3)  Capability  to  Minimize  Leaks  and, Facilitate  Repair.  Built-up 
membranes  used  on  the  roofs  of  above-grade  structures  are  noted  for  some 
capability  to  reseal  punctures,  primarily  because  they  become  soft  and 
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flexible  when  heated  by  the  sun.  In  the  cooler  below-grade  environment, 
however,  they  remain  too  brittle  and  inflexible  to  have  very  good  resealing 
properties.  If  a  leak  does  occur,  the  built-up  membrane  does  not  always 
adhere  to  the  structural  surface  as  wall  as  other  waterproofing  products 
that  are  chemically  bonded.  Thus,  water  that  penetrates  the  membrane  may 
travel  behind  it  to  some  degree,  making  leaks  difficult  to  locate.  Any 
repairs  to  the  membrane  must  be  made  from  the  outside. 

(4)  Appropriate  Use.  Horizontal  surfaces  that  have  a  slight  slope 
for  drainage  are  the  most  typical  and  best  applications  for  built-up 
membranes.  Although  they  can  be  applied  to  vertical  surfaces,  such 
application  is  more  difficult,  particularly  when  the  membranes  are  applied 
hot.  Because  these  membranes  are  not  continuous  flat  sheets  or  roll  goods, 
but  rather  are  built  up  from  smaller  pieces  in  layers,  they  are  better 
suited  to  more  complex  forms  than  are  other  sheet  goods.  Tne  waterproofing 
can  be  formed  on  curving  surfaces  and  around  penetrations  as  an  integral 
flashing. 

(5)  Application  Considerations.  The  basic  work  of  mopping  on  the 
hot  asphalt  can  be  done  by  relatively  unskilled  labor.  However,  experienced 
supervision  and  proper  equipment  are  necessary  to  ensure  proper 
installation.  The  conditions  required  for  successful  application  are  not  as 
stringent  as  for  many  other  products.  The  surface  must  be  relatively  clean, 
dry,  and  smooth,  but  some  leeway  for  irregularities  exists.  The  membranes 
can  be  applied  in  a  wider  range  of  temperature  and  humidity  conditions  as 
well.  Because  the  membrane  may  be  relatively  soft  after  application,  it 
should  be  carefully  protected  from  punctures  or  damage  during  the 
backfilling  process. 

(6)  Relative  Costs.  Material  and  labor  costs  for  built-up 
membranes  are  moderate  compared  with  costs  for  other  waterproofing 
products.  More  competitive  bidding  may  be  possible,  due  to  the  greater 
number  of  qualified  applicators  and  the  familiarity  of  built-up  membrane. 

c.  Cementitious  Materials.  The  various  cementitious  waterproofing 
materials,  which  are  sprayed,  brushed,  or  troweled  onto  concrete  surfaces, 
consist  of  Portland  cement  and  certain  organic  or  inorganic  additives.  When 
the  mixture  is  placed  on  a  concrete  surface,  it  comes  in  contact  with 
moisture  and  unhydrated  cement,  causing  the  formation  of  crystals  in  the 
voids  of  the  concrete.  The  size  of  the  crystals  is  such  that  water 
molecules  cannot  pass  through,  while  air  and  water  vapor  can.  Thus,  the 
concrete  can  cure  properly  while  maintaining  a  waterproof  surface. 

(1)  Durability  and  Stabilty.  Most  cementitious  materials  are 
stable  underground  and  compatible  with  most  soil  cherar’cals  and  conditions. 
These  alkaline  materials  (pH  of  approximately  9.0  to  9.5)  will  resist  pH 
levels  between  3.5  and  11 — a  range  that  includes  most  soil  conditions. 
Products  that  use  sodium-based  additives  to  react  with  the  cement  in  the 
concrete  may  be  less  desirable  because  sodium  is  water  soluable  and  could 
leach  out  of  the  concrete  over  time.  In  general,  however,  cementitious 
products  themselves  have  a  long  life  span. 

(2)  Capability  to  Withstand  Movement  and  Cracking.  The  major 
disadvantage  of  cementitious  waterproofing  materials  is  that  they  have  very 
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little  capability  to  bridge  any  cracks  in  the  concrete  caused  by  settling, 
thermal  expansion,  or  other  movement.  Although  very  small  hairline  cracks 
can  be  bridged,  .-my  larger  cracks,  which  are  common  in  most  concrete 
structures,  represent  a  break  in  the  waterproofing  system.  Buildings  that 
incorporate  precast  elements,  cold  joints,  or  masonry  walls  are  generally 
more  likely  to  crack  than  are  monolithic ally  poured  concrete  structures. 
Post-tensioned  structures  in  particular  resist  cracking  because  the  concrete 
is  held  in  constant  compression.  Thus,  a  post-tensioned  structure 
represents  the  best  possibility  for  successful  waterproofing  with  a 
cementitious  product. 

(3)  Capability  to  Minimize  Leaks  and  Facilitate  Repair.  As  stated 
above,  any  leaks  that  occur  with  cementitious  waterproof ings  are  likely  to 
result  from  cracks  in  the  concrete  structure.  Since  the  waterptoof ing  is 
integrated  within  the  concrete,  water  cannot  travel  behind  the  waterproof 
layer  as  it  can  when  an  attached  membrane  material  is  used.  It  can, 
however,  travel  within  and  along  any  cracks,  thereby  increasing  the 
difficulty  of  finding  the  major  source  of  the  leak.  Cementitious  materials 
have  no  resealing  capabilities,  but,  if  a  leaky  structure  requires  repair, 
these  materials  can  be  applied  from  the  inside  of  the  structure,  even 
against  hydrostatic  pressure.  Presumably,  application  could  be  done  after 
major  cracks  were  carefully  resealed  from  the  inside,  though,  this  might 
merely  cause  the  entry  point  of  water  to  shift  to  a  new  location  by 
migration  of  water  along  unsealed  portions  of  the  crack. 

(4)  Appropriate  Use.  Cementitious  products  are  limited  to  use  on 
concrete  and  masonry  surfaces.  Basically,  a  product  that  can  be  sprayed  or 
troweled  on  and  that  actually  penetrates  into  the  concrete  appears  to  have 
certain  advantages.  It  can  be  applied  to  complex  or  curving  forms,  for 
example,  as  well  as  vertical  or  horizontal  surfaces.  Unfortunately,  this 
apparently  wide  range  of  applications  must  be  carefully  limited  to 
situations  in  which  cracks  are  unlikely  to  appear. 

(5)  Application  Considerations.  Unlike  most  waterproofing 
systems,  cementitious  materials  can  be  applied  by  relatively  unskilled  or 
moderately  skilled  labor.  Another  advantage  is  that  they  cannot  be  easily 
damaged  during  the  backfilling  process.  The  major  application  concerns  are 
the  condition  of  the  concrete  surface,  the  moisture  content  of  the  concrete, 
and  the  temperature.  Although  the  concrete  surface  should  not  have  any 
major  defects  (honeycombing,  rock  pockets,  or  faulty  construction  joints), 
small  irregularities  are  acceptable.  In  fact,  a  surface  that  is  extremely 
smooth  may  be  undesirable  because  the  waterproofing  material  must  be  able  to 
penetrate  into  the  open  capillary  system  of  the  concrete.  Surfaces  must 
also  be  clean  and  free  from  concrete  form  oil,  curing  compounds  that  seal 
the  concrete  pores,  or  other  foreign  matter  that  could  inhibit  penetration. 
Light  sandblasting  or  waterblasting  may  be  necessary.  Modified  cementitious 
materials  that  can  be  applied  on  concrete  block  walls  are  available. 
Additional  surface  preparation  is  usually  required  for  block  walls  to  cover 
cracks  and  render  a  more  unif  :.'m  surface. 

Because  moisture  is  required  to  form  the  crystals,  newly 
poured  concrete  that  is  damp  throughout  is  the  ideal  application  condition. 
Under  other  conditions  some  prewatering  may  be  required.  It  is  important 
that  the  surface  be  moist,  but  if  it  is  wet,  it  will  dilute  the  penetrating 
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naterial.  Cementitious  materials  should  not  be  applied  at  temperatures 
below  40*F  (4*0.  Proper  curing  depends  on  the  temperature  and  the  reaction 
of  the  iseterials  with  water.  Host  cementitious  waterproofing  materials 
require  air  for  curing  and  must  be  sprayed  regularly  over  a  period  of  two  to 
three  days  with  a  misty  spray.  Therefore,  the  materials  should  not  be 
covered  immediately  by  polyethylene.  During  curing,  however,  they  anist  be 
protected  from  excessive  wind,  sun,  rain,  and  frost. 

(6)  Relative  Costs.  Because  a  number  of  cementitious  materials 
are  available,  costs  can  vary  widely.  In  general,  material  costs  can  be 
considered  moderate  and  labor  costs  low  to  moderate  in  comparison  with  other 
waterproofing  systems. 

d.  Liquid-Applied  Waterproofing  Systems.  This  group  of  products 
includes  a  variety  of  urethanes,  elastomers,  rubbers,  and  other  synthetic 
compounds  which  are  applied  in  a  liquid  form.  They  tyoically  cure  in  4S  to 
72  hours  to  form  a  single,  seamless,  membranelike  coating  which  is  bonded  to 
the  surface  of  the  structure.  They  can  be  applied  in  thicknesses  of  15  to 
100  mils  (0.38  to  2.54  mm).  But,  60  mils  (1.5  mm)  is  generally  the  minimum 
thickness  desirable  for  underground  application.  These  products  are  applied 
in  one  or  more  coats  by  spray,  trowel,  roller,  or  brush.  The  liquid-applied 
systems  included  in  this  category  are: 

o  polyurethane 
o  polyisobutylene  (butyl) 
o  polychloroprene  (neoprene) 
o  chloronated  polyethylene  (hypalon) 
o  polyvinyl  chloride 
o  poly sulfide 
o  silicone 
o  acrylic  latex 


Because  of  the  large  number  of  products  and  the  almost  infinite 
variations  possible  with  some  of  them,  it  is  somewhat  difficult  to 
generalize  about  their  characteristics.  This  discussion  will  emphasize  the 
polyurethanes  because  they  are  the  most  common  and  the  most  likely  to  be 
used  underground.  The  basic  properties  of  the  rubbers — butyl,  neoprene,  and 
hypalon — are  discussed  in  greater  detail  in  the  subparagraph  below  on 
vulcanized  sheets,  which  is  their  more  common  amplication.  Although  the 
specific  chemical  properties  of  these  liquid-applied  materials  can  vary 
considerably,  they  can  be  evaluated  as  a  group  because  most  of  the  general 
characteristics — "he  ability  to  withstand  moveu'^nt,  and  design  and 
application  considerations— are  quite  similar. 


(1)  Stability  and  Durability.  The  properties  that  affect  the 
stability  and  durability  of  products  within  this  classification  of 
waterproofing  systems  can  vary  widely;  hence,  these  characteristics  must  be 
carefully  examined.  Some  products  can  be  prepared  co  suit  a  particular 
application,  so  that  they  are  especially  resistant  to  certain  chemicals,  to 
sunlight,  or  to  abrasion,  for  example.  With  respect  to  underground 
applications,  only  the  polyurethanes  have  a  reasonable  history  of  use. 
Although  a  discussion  of  the  chemical  makeup  of  these  products  is  beyond  the 
scope  of  this  evaluation,  some  basic  points  can  be  made.  0ne-coiiq>onent 
polyurethane  systems  are  relatively  inexpensive  aud  easy  to  apply  but  ca.i 


become  brittle  and  lose  adhesion.  They  are  not  recoimended  for  use 
underground  where  performance  is  critical.  Two-component  systems,  although 
more  costly,  perform  much  better.  Products  based  on  esters  and  ethers  were 
developed  to  resist  abrasion  above  grade;  they  are  not  recommended  for 
underground  waterproofing  because  they  will  become  brittle  over  time. 

One  characteristic  of  liquid-applied  membranes  that  would 
appear  to  be  an  advantage  over  factory-produced  membrane  sheets  is  that  they 
are  seamless  (seams  are  usually  the  weak  point  of  loone-laid  membranes  and 
roll  goods).  Attaining  the  sane  levels  of  stability  and  durabilty 
characteristic  of  factory-produced  materials  in  a  liquid  that  is  cured  in 
the  field  may,  however,  be  a  significant  problem.  The  rather  exacting 
conditions  required  to  produce  a  plastic  or  synthetic  rubber  are  difficult 
to  duplicate  in  the  field,  because  of  the  variations  in  surface  conditions, 
temperature,  humidity,  and  manner  of  application. 

The  application  procedure  can  affect  the  durability  of  the 
liquid-applied  systems.  For  example,  the  use  of  spray-on  applications  can 
seriously  weaken  the  membrane  by  entrapping  air  bubbles.  Thicker  products 
that  can  be  troweled  on  are  generally  more  desirable.  Some  liquids  are 
intended  to  be  applied  in  a  "self- leveling"  form.  Since  it  is  nearly 
impossible  to  build  a  completely  flat,  smooth  surface,  the  self-leveled 
membrane  will  be  thicker  in  some  areas  than  others.  Sections  of  the 
membrane  that  are  too  thick  can  blister,  adhere  poorly,  and  cure 
improperly.  Polyurethanes  cure  slowly:  when  the  time  required  for  curing  is 
incompatible  with  construction  schedules,  additives  are  sometimes  included 
to  speed  up  the  curing  process.  The  drawback  to  this  technique  is  that  the 
decrease  in  curing  time  results  in  a  product  that  may  be  more  brittle. 

Acrylic  latex-based  products  are  not  recommended  below-grade 
because  the  ground  water  can  cause  the  latex  to  re-emulsify  and  migrate  from 
the  wall.  Polysulfides  are  composed  of  synthetic  rubber  that  is  quite 
impermeable  to  water  and  resistant  to  chemical  attack.  They  are  costly  and 
excessively  soft.  Polysulfides  at-*  not  currently  manufactured  in  the  United 
States.  Liquid-applied  waterproofing  systems  based  on  silicone  are 
relatively  new  and  have  little  history  of  application.  Because  of  certain 
drawbacks,  which  include  poor  adhesion  to  concrete,  the  silicones  seem 
better  suited  to  above-grade,  rather  than  below-grade,  applications. _ 

(2)  Capability  to  Withstand  Movement  and  Cracking.  Liquid-applied 
waterproofing  systems  are  fully  bonded  to  the  structure.  Therefore,  any 
strain  caused  by  movement  and  cracking  must  be  taken  up  by  the  material 
lying  immediately  over  the  crack.  Although  these  materials  have  some  of  the 
properties  exhibited  by  factory-made  membranes — toughness,  tensile  and  shear 
strength— the  capacity  of  relatively  thin,  fully  bonded  materials  to  bridge 
cracks  is  limited.  Thus,  these  products  are  not  recommended  for  precast 
concrete  roofs,  which  have  a  great  potential  for  movement  and  cracking. 

Rather  they  may  be  more  suited  to  reinforced  and  post- tensioned  poured 
slabs,  in  which  cracks  are  minimized. 

(3)  Capability  to  Minimize  Leaks  and  Facilitate  Repair.  Like  most 
membrane  and  sheet  materials,  liquid-applied  systems  have  no  capability  to 
reseal  punctures  or  tears.  They  do  have  two  advantages  over  sheet  goods  in 
minimizing  leaks  in  that  they  are  seamless  and  are  fully  bonded  to  the 


structure.  Provided  that  the  material  has  good  adhesion,  leaks  cannot 
travel  under  the  membrane.  The  source  of  the  leak  is  easier  to  locate  and 
therefore  easier  to  repair,  but,  if  a  leak  is  accompanied  by  loss  of 
adhesion  in  the  membrane,  the  repair  can  be  more  difficult. 

(4)  Appropriate  Use.  Liquid-applied  systems  will  bond  to  a  wide 
range  of  structural  and  insulation  materials  if  the  product  is  correctly 
formulated  to  do  so.  The  limitations  on  the  appropriate  type  of  surface  are 
based  not  on  the  capability  of  the  products  to  bond,  but  rather  on  their 
incapability  to  bridge  large  cracks  that  may  occur  during  the  life  of  the 
structure.  Direct  application  is,  therefore,  not  advisable  on  precast  roof 
decks,  masonry  surfaces,  wood  decks,  or  other  surfaces  that  have  a  great 
potential  for  movement  and  cracking.  These  products  are  best  applied  to 
reinforced  and  post-tensioned  poured  concrete  slabs.  In  general,  the 
liquid-applied  systems  are  best  suited  to  horizontal  surfaces  that  have  a 
slight  slope,  although  the  self-leveling  products  require  a  completely  flat 
surface.  Some  liquid  products  are  formulated  to  be  applied  to  vertical 
surfaces,  usually  in  several  coats. 

Compared  with  flat  sheet  membranes  and  roll  goods,  materials 
with  good  adhesion  that  can  be  troweled  or  sprayed  on  are  more  suitable  for 
designs  that  incorporate  complex  geometries  and  curving  surfaces.  Some 
question  remains,  however,  as  to  whether  or  not  the  controlled,  uniform 
thickness  required  for  proper  curing  can  be  easily  achieved  on  a  complicated 
shape. 

(5)  Application  Considerations.  Although  the  actual  brushing  or 
troweling  on  of  these  liquid-applied  materials  does  not  require  highly 
skilled  labor,  it  is  very  important  to  use  experienced  applicators  in  order 
to  ensure  proper  surface  preparation,  control  of  the  application,  and 
adequate  curing  time.  Some  products  require  a  primer  or  masonry 
conditioner,  which  can  raise  labor  and  material  costs.  If  the  materials  are 
not  applied  in  an  even  thickness,  problems  can  result.  Bubbles  can  form  as 
gases  are  released  during  curing.  Adhesion  can  be  lost  in  areas  where  the 
membrane  is  too  thick.  Improper  application  can  result  in  irregularities  in. 
the  coating,  especially  in  corners  and  around  vent  pipes.  For  best  results, 
two  coats  are  often  desirable.  On  vertical  surfaces  several  coats  siay  be 
required,  along  with  embedment  of  the  fibers  into  tue  first  coat.  Many  of 
these  products  release  toxic  fumes  during  application  and  curing. 

Respirators  and  good  ventilation  are  required. 

The  most  critical  aspects  related  to  the  application  of  these 
“•terials  are  the  preparation  of  the  surface,  the  air  temperature,  and  the 
hwidity  conditions.  More  than  any  other  type  of  waterproofing  product,  the 
liquid-applied  systras  require  a  very  clean,  smooth,  dry  surface.  All  oils 
oust  be  removed,  voids  filled,  and  any  imperfections  ir.  the  surface 
smoothed.  The  concrete  structure  should  be  allowed  to  cure  the  full  28  days 
before  the  waterproofing  is  applied,  to  ensure  that  most  of  the  moisture  is 
gone  from  the  surface.  Some  manufacturers  do  not  recommend  that  their 
products  be  applied  in  situations  where  moisture  must  evaporate  from  the 
coTCrete  surface  underneath,  because  it  will  cause  the  waterproofing  to 
blister  and  lose  adhesion.  These  situations  include  lightweight  concrete 
decks,  which  release  large  quantities  of  moisture,  and  concrete  over  steel 
decking,  where  the  moisture  cannot  escape  downward  from  the  slab. 
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Uncior  Che  best  temperature  and  humidity  conditions,  curing  of 
a  typical  membrane  may  take  48  Co  72  hours,  depending  on  the  specific 
product.  Curing  of  waterproofing  that  is  applied  in  temperatures  below  40‘’F 
(4'’C)  would  take  several  weeks,  whereas  application  above  80®F  (27°C)  may 
result  in  too  rapid  curing,  which  can  cause  brittleness  in  the  membrane. 
Similarly,  if  the  relative  humidity  is  below  30  percent,  the  membrane  would 
cure  too  slowly;  above  85  percent  humidity,  it  cures  too  fast. 

After  application,  the  material  should  be  inspected  to  make 
sure  no  voids  or  bubbles  are  left  in  the  membrane.  Insulation  should  not  be 
placed  over  the  waterproofing  too  soon  since  some  volatile  substances  given 
off  during  curing  can  attack  polystyrene  insulation.  Like  most 
waterproofing  products,  the  fully  cured  liquid-applied  material  should  be 
protected  from  damage  during  backfilling. 

(6)  Relative  Costs.  Labor  costs  are  moderate  for  the  application 
of  this  group  of  products.  Material  costs  can  vary  considerably  because  of 
the  many  types  of  liquid-applied  systems.  Generally,  material  costs  range 
from  moderate  to  high  for  the  best-quality  products  compared  with  costs  of 
other  waterproofing  systems. 

e.  Modified  Bitumens.  These  materials,  often  referred  to  as 
rubberized  asphalt,  consist  of  asphalt  combined  with  a  small  amount  of 
synthetic  rubber,  applied  to  a  polyethylene  sheet.  In  some  cases,  a  second 
polyethylene  sheet  is  placed  between  two  layers  of  the  rubberized  asphalt. 
The  material  comes  in  rolls  ranging  from  3  feet  (914  mm)  to  4  feet  (1219  mm) 
wide.  The  strips  of  rubberized  asphalt  adhere  to  the  structural  surface  and 
are  overlapped  to  adhere  to  each  other. 

(1)  Durability  and  Stability.  Since  modified  bitumens  come  in 
factory-produced  rolls,  they  have  uniform  thickness.  The  quality  of  the 
asphalt  itself  can  vary,  however.  Rubberized  asphalt  has  good  resistance  to 
most  chemicals  found  in  the  soil.  Polyethylene  also  has  good  stability  in 
underground  conditions,  where  it  is  not  exposed  to  the  ultraviolet  rays  of 
the  sun.  Generally,  these  materials  will  not  rot  or  mildew. 

Deterioration  of  asphalt  in  contact  with  ground  water  is 
reduced  considerably  with  this  system  because  the  polyethylene  prevents 
moisture  from  coming  in  contact  with  the  asphalt.  Further,  the  polyethylene 
acts  as  a  good  vapor  barrier.  The  addition  of  rubber  to  the  asphalt  gives 
the  product  tensile  strength  and  stability.  The  rubber  makes  the  asphalt 
softer  and  may  reduce  its  tendency  to  deteriorate  with  time.  The  rubberized 
asphalt  products  can  last  a  relatively  long  time  if  they  are  carefully 
installed  in  an  appropriate  situation. 

(2)  Capability  to  Withstand  Movement  and  Cracks.  The  tensile 
strength  of  the  polyethylene  and  the  rubber  in  modified  bitumen  materials 
makes  them  effective  in  bridging  over  cracks  up  to  1/4  inch  (6.35  mm)  wide. 
The  softness  and  flexibility  of  the  rubberized  asphalt  allow  for  some 
movement  to  occur  without  stressing  the  product  to  the  point  of  failure. 

The  capability  of  the  material  to  bridge  cracks  without  leaking  depends  on 
very  good  adhesion  at  the  seams,  as  movement  usually  creates  extra  stress  in 
these  areas.  It  is  best  not  to  place  seams  directly  over  points  where 
cracking  is  likely  to  occur,  such  as  at  cold  joints  or  other  structural 
connections. 


(3)  Capability  to  Minimize  Leaks  and  Facilitate  Repair.  Modified 
bitumens  are  intended  to  be  used  with  a  primer  that  helps  bond  the  product 
to  the  structure.  Along  the  overlapping  seams,  the  rubberized  asphalt  bonds 
well  to  the  polyethylene.  Ideally,  the  material  will  be  completely  bonded 
to  the  structure,  thus  preventing  any  water  that  penetrates  the  membrane 
from  migrating.  This  means  that  the  source  of  a  leak  will  be  easier  to 
find.  Completely  bonding  the  material  to  the  structure  may  be  almost 
impossible  under  most  field  conditions,  however.  Because  loss  of  adhesion 
can  occur  for  a  variety  oi  reasons,  modified  bitumen  products  must  be  very 
carefully  applied  (see  "Application  Considerations"  below). 

(4)  Appropriate  Use.  Modified  bitumen  products  are  versatile  in 
that  they  can  be  used  on  concrete,  masonry,  or  wood  surfaces.  They  are  well 
suited  to  applications  on  vertical  surfaces  where  there  is  no  continuous 
head  of  water.  They  must  be  used  with  more  discretion  on  horizontal 
surfaces,  however.  Because  these  products  have  numerous  overlapping  seams, 
it  is  not  advisable  to  use  them  on  flat  horizontal  surfaces  where  they  could 
be  exposed  to  ponding.  If  a  modified  bitumen  product  is  to  be  used  on  a 
horizontal  surface,  the  surface  should  be  sloped  slightly  to  provide 
drainage  and  the  seams  must  be  overlapped  in  a  manner  similar  to  shingles  on 
a  conventional  roof. 

(5)  Application  Considerations.  Successful  application  of 
modified  bitumens  depends  on  great  care  in  the  preparation  of  the  surface 
and  application  only  under  the  proper  temperature  and  humidity  conditions. 
Experienced,  skilled  labor  is  usually  required  for  successful  application. 

A  smooth,  clean,  dry  surface  is  necessary  for  good  adhesion  of  the  product 
to  the  surface.  Mechanical  grinding  may  be  required  on  concrete  surfaces, 
but  slight  irregularities  are  acceptable.  The  waterproofing  material  should 
be  applied  only  when  the  surface  temperature  is  above  40”F  (4*0,  because 
colder  temperatures  reduce  the  quality  of  both  the  bonding  and  the  seams. 
Space  heaters  should  never  be  used  to  warm  the  surface  of  the  rubberized 
asphalt  because  they  add  moisture,  which  can  cause  condensation  that  may 
loosen  the  bond. 

Modified  bitumens  are  incompatible  with  pitch  and  certain 
solvents  and  sealants.  Because  membranes  are  combustible,  they  should  not 
be  exposed  to  flames,  sparks,  or  temperatures  over  100*F  (37.8*0.  Modified 
bitumens,  like  most  elastomeric  materials,  have  a  high  degree  of  memory, 
such  as  a  tendency  to  return  to  the  original  sheet  or  roll  configuration. 
Although  wrinkles  or  voids  created  during  application  are  rolled  out,  the 
material  will  tend  to  return  to  the  wrinkled  state. 

During  the  backfilling  process,  the  waterproofing  products 
should  be  protected  from  damage.  Insulation  can  serve  this  purpose.  On 
uninsulated  roofs  a  layer  of  sand  can  be  used,  whereas  some  form  of 
protection  boards  is  necessary  on  uninsulated  walls.  The  backfilling 
operation  should  occur  relatively  soon  after  the  waterproofing  is  installed 
so  that  the  polyethylene  is  not  exposed  to  ultraviolet  rays  from  the  sun. 

(6)  Relative  Costs.  Compared  with  costs  of  other  waterproofing 
products,  the  cost  of  modified  bitumen  products  can  be  considered  moderate 
or  average. 


f.  Vulcanized  and  Plastic  Sheets.  This  classification  of 
waterproofing  materials  includes  various  natural  and  synethetic  rubber 
compounds  and  plastics  that  are  formed  into  sheet  membranes  by  vulcanization 
or  other  processes.  The  generic  names  and  chemical  compositions  of  the  six 
major  types  of  sheet  membranes  are: 

o  isobutylene  isoprene  (butyl) 
o  ethylene  propylene  diene  monomer  (EPDM) 
o  polychloroprene  (neoprene) 
o  chlorosulfonated  polyethylene  (Hypalon) 
o  chloronated  polyethylene  (CPE) 
o  polyvinyl  chloride  (PVC) 

Most  of  these  materials  are  available  in  roll  stock  or  sheets  in 
sizes  up  to  50  feet  (15  240  mm)  wide  and  200  feet  (60  960  mm)  long, 
depending  on  the  product.  Flexible  sheets  of  PVC  are  available  in  sizes  up 
to  80  feet  (24  384  mm)  wide  and  700  feet  (213  361  mm)  long.  Thickness 
ranges  from  1/32  inch  (0.79  mm)  to  1/8  inch  (3.18  mm)  in  the  vulcanized 
products  and  typically  between  10  mils  (0.25  mm)  and  45  mils  (1.14  mm)  for 
CPE  and  PVC.  They  can  be  seamed  at  the  site,  using  special  cements  or 
solvents,  or  in  the  factory  to  form  a  single  membrane  that  will  cover  the 
entire  structure.  The  membranes  can  be  loose  laid  or  partially  or  fully 
bonded  to  the  structure.  Some  are  used  for  above-grade  conventional 
applications  as  well  as  below-grade.  Some  of  the  products,  EPDM  and 
neoprene  in  particular,  are  used  as  flashing  materials  and  are  available  on 
rolls  as  narrow  as  12  inches  (305  mm)  for  this  purpose.  Most  of  the  generic 
types  of  sheets  are  also  available  in  a  liquid  form  that  has  the  same  basic 
chemical  composition.  Although  most  of  the  characteristics  of  stability  and 
durability  are  similar  for  these  liquids,  the  other  criteria— such  as  the 
ability  to  withstand  movement  or  facilitate  repair  and  the  application 
considerations— are  quite  different.  For  this  reason  the  liquid  forms  of 
these  products  are  discussed  in  the  section  on  liquid-applied  systems. 

(1)  Stability  and  Durability.  With  the  possible  exception  of  PVC 
sheets,  the  stability  of  this  group  is  quite  good.  In  addition,  the 
products  in  this  group  have  among  the  longest  life  spans  of  all  the 
waterproofing  products.  The  high  quality  control  in  the  manufacture  of  the 
sheets  results  in  very  consistent  products.  Generally,  these  membranes  are 
moderately  tough,  puncture  resistant  and  resistant  to  most  chemicals.  Soft 
and  flexible,  most  of  these  products  can  be  elastic  in  temperatures  ranging 
from  40'’F  (4"C)  to  200*F  (93*C),  The  vulcanization  process  helps  prevent 
the  stress  cracking  that  can  occur  when  sheet  membranes  are  used  on  sudden, 
sharp  bends. 

Although  the  membranes  themselves  have  excellent 
characteristics  for  underground  applications,  the  presence  of  seams  is 
always  a  concern.  The  vulcanization  process  gives  butyl,  EPDM,  and  neoprene 
great  strength  and  resistance  to  permanent  deformation  under  long-term 
loading.  Seams  that  are  made  in  the  field  with  cold-applied  solvents  or 
cements,  unfortunately,  do  not  have  these  same  inherent  characteristics. 

They  can  be  sufficient,  however,  if  they  are  not  located  in  areas  with  great 
potential  for  movement  or  stress  from  other  forces.  For  best  results,  the 
number  of  seams  should  be  minimized  and  application  should  be  done  with 
extreme  care  by  professionals.  The  sheets  can  be  seamed  in  the  factory  into 
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one  custom-fit  membrane.  Although  this  process  guarantees  a  good  bond,  the 
resulting  rather  large,  heavy  membrane  may  be  difficult  to  work  with. 

The  six  major  types  of  membranes,  although  similar  in  many  of 
their  general  characteristics,  differ  in  some  ways.  The  key  characteristics 
of  each  type  are  briefly  discussed  below. 

Butyl  membranes  are  lightly  vulcanized,  resulting  in  high 
strength,  flexibility,  and  softness.  They  can  be  reinforced  with  nylon  and 
have  a  high  resistance  to  heat  and  ozone.  Although  they  are  resistant  to 
bacteria,  fungi,  and  most  soil  chemicals,  they  should  not  be  exposed  to 
acids,  oils,  or  solvents.  The  very  low  permeability  of  butyl  rubber  to  gas 
makes  it  a  good  vapor  barrier. 

EPDM  is  a  synthetic  rubber  that  is  quite  similar  to  butyl  in 
most  respects.  It  is  even  more  resistant  to  weathering,  chemicals,  and  the 
ultraviolet  rays  of  the  sun.  Like  butyl  rubber,  it  can  be  reinforced  with 
nylon.  The  sulfur  included  in  its  composition  provides  EPDM  with  high 
strength. 

Neoprene  is  a  synthetic  rubber  that  has  good  resistance  to 
chemicals,  oils,  solvents,  high  temperatures,  and  abrasion.  It  is  more 
sensitive  to  degradation  caused  by  exposure  to  the  sun  than  are  the  other 
vulcanized  membranes.  It  is  also  more  vapor  permeable  than  the  other 
vulcanized  membranes.  Generally,  neoprene  membranes  are  not  used  in 
underground  applications  as  often  as  butyl  membranes  or  EPDM.  Neoprene  is 
commonly  used  for  flashings  because  it  can  be  formed  into  complex  shapes  in 
the  field  when  heat  is  applied  to  it.  Rolls  of  neoprene  flashing  material 
are  available  in  cured  or  uncured  form. 

Hypalon  is  distinguished  from  the  other  sheet  membranes  in  a 
number  of  ways.  Its  chemical  composition  gives  it  some  unique 
characteristics.  Because  Hypalon  is  highly  resistant  to  the  ultraviolet 
rays  of  the  sun,  ozone,  and  high  tempeatures,  it  is  suitable  for  exposure 
above  grade.  Unlike  the  other  membranes,  it  can  be  manufactured  in  a 
variety  of  colors.  Perhaps  the  most  undesirable  characteristic  of  Hypalon 
is  its  relatively  high  rate  of  water  absorption  if  it  is  constantly  exposed 
to  water.  Thus,  it  is  generally  not  recommended  for  use  underground. 

CPE,  which  is  also  quite  durable  and  stable  underground,  is 
available  as  a  20-mil  (0.51-mm)  sheet  laminated  to  a  polyester  backing  that 
can  be  fully  bonded  to  the  structure.  Seams  can  be  made  on  site  by  welding 
the  sheets  with  solvents,  cements,  or  adhesives,  and  in  the  factory  by  means 
of  an  electrothermal  process.  If  properly  done,  the  seams  can  have  the  same 
characteristics  as  the  sheet  itself.  This  is  one  of  the  assets  of  CPE  that 
distinguishes  it  from  some  of  the  other  sheet  membranes. 

PVC  is  a  well-known  plastic.  As  a  raw  material,  it  is  hard 
and  brittle.  As  a  sheet  material,  it  is  flexible,  strong,  and  resists  tears 
and  punctures.  It  is  also  resistant  to  ultraviolet  degration  and  soil 
chemicals.  A  drawback  of  PVC  sheets  is  that  shripkage  can  occur.  They  can 
also  become  brittle  as  plasticizers  leach  out  of  the  material  over  time. 

Some  products  have  additives  that  slow  this  process. 
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(2)  Capability  to  Withstand  Movement  and  Cracking.  Basically, 
vulcanized  and  plastic  sheet  membranes  have  excellent  properties  for 
bridging  any  cracks  that  occur  In  the  structure.  They  are  flexible  under  a 
wide  range  of  conditions  and  have  great  tensile  and  sheet  strength.  Their 
capability  to  bridge  cracks  Is  affected  by  the  manner  In  which  the  membrane 
Is  bonded  to  the  structure.  Total  bonding  of  the  membrane  reduces  the 
flexibility  of  the  material  over  cracks  and  concentrates  the  stresses  In  the 
small  portion  of  membrane  lying  directly  over  the  crack.  A  loosely  laid  or 
partially  bonded  membrane  allows  for  this  stress  to  be  dissipated  over  a 
greater  area,  thus  reducing  the  strain  on  the  material.  At  points  where 
movement  Is  expected,  such  as  at  an  expansion  joint.  It  Is  desirable  to 
leave  some  extra  material  to  take  up  any  stress  that  occurs. 

(3)  Capability  to  Minimize  Leaks  and  Facilitate  Repair.  A 
vulcanized  or  plastic  membrane  has  no  capability  to  reseal  Itself  once 
punctured.  Membranes  can  be  repaired  from  the  outside  of  the  structure  with 
patches  that  are  bonded  In  the  same  manner  as  seams  with  cold-applied 
cements.  The  major  drawback  of  sheet  membranes  when  loose  laid  Is  the 
difficulty  of  locating  leaks,  because  water  can  travel  behind  the  membrane 
and  enter  the  structure  at  a  point  remote  from  the  original  source.  This  Is 
one  of  the  main  reasons  why  membranes  are  bonded  to  the  structure. 

Completely  adhered  sheets  can  localize  leaks,  but,  this  technique  Is  costly 
and  reduces  the  capability  of  the  membrane  to  bridge  cracks.  !  A  compromise 
solution  that  Is  often  used  Is  a  partial  bonding  of  the  membrane  in  a 
regular  grid  pattern  so  that  any  leaks  will  be  localized  In  one  section  of 
the  grid.  | 

(4)  Appropriate  Use.  Sheet  membranes  can  be  applied  over  both 
precast  and  cast-ln-place  concrete  surfaces,  as  well  as  on  masonry  and 
wood.  These  large,  heavy  membranes  are  best  suited  to  horizontal  surfaces, 
which  can  be  completely  flat.  No  slope  Is  required  because  the  membranes 
can  hold  standing  water  indefinitely.  Although  the  material  jean  easily 
resist  water  on  vertical  surfaces  as  well,  application  Is  quite  difficult 
because  of  the  tendency  of  the  heavy  sheets  to  stretch  from  their  own 
weight,  especially  In  the  heat. 

Application  of  a  large,  flat  membrane  over  complex  shapes  Is 
difficult.  Flat  surfaces  and  simple  shapes  are  the  best  applications  for 
sheet  membranes.  Minimizing  projections  and  penetrations  through  the 
membrane  simplifies  the  application  by  reducing  the  number  of  seams, 
flashings,  and  other  field-bonded  details,  which  are  always  the  potential 
weak  points  of  the  system.  Of  course.  If  projections  and  penetrations  are 
required,  they  can  be  waterproofed  by  using  flashing  materials  and  specially 
formed  boots,  corners,  and  other  accessories. 

(5)  Application  Considerations.  The  application  of  vulcanized  or 
plastic  sheet  membranes— particularly  the  seaming  and  bonding— Is  quite 
exacting  work  and  requires  experienced,  skilled  professionals.  If  the 
membrane  Is  factory  seamed.  Installation  requires  experience  because  the 
material  Is  heavy  and  difficult  to  adjust.  Clean,  dry,  smooth  surfaces  that 
are  free  of  oil  and  grease  are  required  if  the  membrane  Is  to  be  bonded. 
Because  the  membranes  are  tough,  the  surface  can  be  somewhat  Irregular 
without  causing  damage,  although  sharp  edges  and  foreign  objects  should  be 
removed.  The  membrane  materials  remain  flexible  over  a  wide  range  of 
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teiQ>erature»,  but  applying  vulcanized  membranes  in  extremely  cold  or  hot 
temperatures  iu  inadvisable.  Heat  can  cause  the  membrane  to  expand 
considerably;  when  placed  in  the  cooler  underground  environment,  it  will 
contract,  causing  stresses  in  the  membrane  and  at  the  seams. 

Before  bonding  or  seaming  takes  place,  vulcanized  membrane 
sheets  should  be  laid  out  and  allowed  to  relax  and  return  to  their  original 
size.  If  they  are  stretched  during  application,  greater  stresses  will 
result.  One  advantage  of  the  solvents  and  cements  used  with  these  products 
is  that  they  are  cold-applied — no  hot  mastic  is  required.  (The  adhesives 
can  be  moderately  toxic.)  After  installation  but  before  backfilling,  the 
system  should  be  water-tested  for  leaks.  Field  inspection  and  water-testing 
are  advised  to  ensure  watertight  seams.  Pinhole  punctures  can  sometimes 
occur  in  the  manufacturing  process,  however.  Although  the  materials  are 
relatively  tough,  insulation,  or  other  protective  materials  should  be  used 
to  protect  them  from  punctures  by  sharp  objects  during  backfilling. 

(6)  Relative  Costs.  The  cost  of  vulcanized  and  plastic  membranes 
is  higher  than  that  of  any  other  category  of  waterproofing  materials.  This 
high  cost  is  largely  attributable  to  the  cost  of  a  very  high  quality  durable 
material,  although  skilled  labor  is  also  required.  The  cost  can  be  affected 
by  the  complexity  of  the  job  and  by  the  number  of  seams  and  flashings 
required.  The  cost  of  labor  for  a  membrane  that  is  fully  bonded  to  the 
structure  is  significantly  higher  than  for  a  loose-laid  application. 

g.  Bentonite  Clay  Products.  Bentonite  (montmorillonite)  clay  is  used 
in  several  forms  to  provide  waterproofing  on  underground  structures.  This 
highly  plastic  clay,  which  is  mined  in  the  western  United  States,  has  the 
unique  property  of  swelling  from  10  to  20  times  its  original  size  when 
saturated  with  water.  As  it  dries,  it  returns  to  its  original  volume.  This 
process  of  expandir^;  and  contracting  can  continue  indefinitely  without 
wearing  out  the  material.  The  bentonite  material  is  applied  in  a  thin  layer 
confined  between  the  structure  and  the  soil.  As  the  clay  material  comes  in 
contact  with  water,  expansion  of  the  material  is  restrained,  resulting  in  a 
gel*^  or  paste-like  barrier  characterized  by  a  high  density  and 
impermeability. 

The  many  types  and  grades  of  bentonite  clays  have  different 
characteristics.  The  major  types  of  these  products  use  specific  clays  and 
are  available  in  the  following  forms: 


o  Raw  bentonite 
o  Bentonite  mixed  with  asphalt 

o  Bentonite  contained  in  cardboard  panels  ^ 

o  Bentonite  mixed  with  binding  agent  in  a  trowel-  and 
spray-grade  product 

o  Bentonite  mixed  with  polymers  for  caulking  joints 

The  materials  most  commonly  used  on  underground  buildings  are  the 
spray-on  and  trowel-on  mixtures  and  the  cardboard  panels. 

(1)  Durability  and  Stability.  The  fact  that  bentonite  is  inorganic 
and  will  not  deteriorate  means  that  bentoiiite-based  products  in  general  are 
characterized  by  long-term  stability  and  flexibility.  They  should  not  be 
used  in  highly  salinated  soils,  however,  because  salt  diminishes  the 


swelling  action  of  the  bentonite  clay.  Another  concern  Is  that,  if 
bentonite  Is  allowed  to  dry  out  completely  and  Is  then  saturated  with  water, 
there  will  be  a  slight  delay  before  the  clay  Is  activated  and  expands  to 
seal  all  leaks.  Thus,  It  may  not  be  advisable  to  use  bentonite  in  a  hot, 
arid  climate  subject  to  sudden  downpours.  Although  bentonite  products 
function  effectively  when  exposed  to  a  continuous  head  of  water,  they  should 
not  be  exposed  to  running  water  that  could  cause  the  clay  to  wash  off  the 
surface. 

Raw  bentonite  In  Its  dry,  granular  form  Is  often  used  for  well 
casings  and  for  sealing  the  bottoms  of  reservoirs.  Although  It  can  be  used 
to  waterproof  buildings,  this  use  Is  generally  not  recommended  because  the 
bentonite  does  not  adhere  as  well  with  other  applications,  its  application 
Is  difficult  to  control,  and  It  will  not  work  on  vertical  surfaces.  It  is  a 
mistake  to  mix  raw  bentonite  with  water  so  that  It  can  be  applied  In  a 
paste-llke  form.  After  expanding  during  application.  It  will  later  dry  out 
and  shrink  to  Its  original  size,  and  thus  allow  water  to  leak  through 
because  the  amount  of  material  Is  Inadequate.  Bentonite  mixed  with  asphalt 
Is  also  unsatisfactory  and  Is  not  recommended.  Although  this  product  hes 
been  successfully  applied,  the  asphalt  tends  to  coat  the  clay  particles, 
thus  reducing  their  activity. 

Application  of  bentonite  contained  In  the  voids  of  cardboard 
panels  results  In  a  very  consistent  thickness  of  the  raw  material.  The 
panels  must  be  very  carefully  handled  during  transport  and  application  to 
prevent  damage.  The  biodegradable  cardboard  Is  Intended  to  deteriorate  as  a 
result  of  the  bacteria  In  the  soil.  Problems  can  occur  If  the  backfill  soil 
does  not  contain  sufficient  organic  matter  to  cause  this  deterioration.  For 
example,  water  may  penetrate  past  the  bentonite  and  run  behind  the  cardboard 
and  along  the  seams  between  panels. 

The  effectiveness  of  the  trowel-on  and  spray^n  mixtures  of 
bentonite  Is  dependent  on  good  quality  control  In  product  formulation  and 
application.  Trowel-on  applications  do  not  require  the  high  level  of  skill 
and  the  exacting  tolerances  needed  for  applying  other  waterproofing 
products.  Two  types  of  spray-on  products  are  currently  available.  The 
first,  which  Is  similar  to  the  trowel-on  product.  Is  applied  In  a  paste-llke 
form  and  must  be  covered  with  polyethylene  to  help  cure  and  protect  It.  It 
is  partially  activated  and  remains  In  a  gel-llke  state  that  can  be 
maintained  at  50  percent  relative  humidity.  A  serious  disadvantage  of 
certain  gel  formulations  Is  their  tendency  to  separate  upon  moisture 
activation,  causing  leakage  of  the  binder  through  cracks  In  the  structure, 
and  possible  further  moisture  leakage.  The  second  type  of  spray  bentonite 
Is  a  relatively  new  product  that  dries  Immediately  on  application.  -A 
polyethylene  cover  sheet  Is  recommended  on  the  second  type  of  spray  to 
contain  the  bentonite,  even  though  It  Is  not  needed  for  curing. 

(2)  Capability  to  Withstand  Movement  and  Cracks.  Bentonite  clay 
products  have  excellent  ability  to  respond  to  movement  and  cracks  In  the 
structure  that  occur  after  Installation.  Because  it  can  expand  to  many 
times  Its  original  volume,  bentonite  can  bridge  cracks  up  to  1/4  Inches 
(6  mm)  wide  and  fill  voids  created  by  movement,  provided  that  these  cracks 
or  voids  do  not  provide  a  large  enough  path  to  transmit  bentonite  particles 
and  wash  them  through  the  crack  to  an  Interior  void.  Extra  protection  can 

1.4-74 


ba  applied  to  cold  joints  or  other  points  x^here  cracking  is  anticipated  by 
means  of  bentonite-based  caulking  or  tubes  of  bento  ilte  that  decompose  in  a 
manner  similar  to  the  cardboard  panels. 

(3)  Capability  to  Minimize  Leaks  and  Facilitate  Repair.  The  same 
expansion  capability  that  allows  bentonite  to  bridge  cracks  also  permits  it 
to  reseal  any  punctures  or  holes  that  may  be  present  in  the  waterproofing. 
Another  important  advantage  is  that  if  any  leaks  should  occur,  they  will 
enter  the  structure  near  the  source  of  the  leak,  thereby  making  it  easier  to 
locate.  This  benefit  results  from  the  full  adhesion  possible  with  the 
trowel-on  and  spray-on  products;  the  adhesion  prevents  water  from  traveling 
away  from  the  source  of  the  leak,  as  it  can  when  a  loose-laid  membrane  la 
used.  Water  can  travel  somewhat  behind  cardboard  panels  unless  they  are 
embedded  in  a  gel  that  is  applied  to  the  surface. 

If  a  leak  does  occur  and  is  located  from  the  Inside  of  the 
structure,  it  can  also  be  repaired  from  the  inside  by  injecting  bentonite 
through  a  small  hole  in  the  area  of  the  leak.  This  type  of  repair  has 
considerable  cost  advantages  over  haxrlng  to  excavate  in  order  to  locate  and 
repair  a  leak  from  the  outside.  One  drawback  of  bentonite  is  that,  if 
waterproofing  problems  occur,  options  for  future  repair  or  replacement  by 
other  products  may  be  limited  because  the  bentonite  is  difficult  and  messy 
to  remove. 

(4)  Appropriate  Use.  Generally,  bentonite  products,  particularly 
in  the  spray-on  and  trowel-on  forms,  are  quite  versatile  in  comparison  with 
most  other  waterproofing  systems.  They  can  be  applied  to  virtually  all 
types  of  surfaces,  including  poured  or  precast  concrete,  masonry,  and  wood 
(provided  that  It  is  pressure-treated).  Both  vertical  and  horizontal 
surfaces  can  be  waterproofed  xd.th  these  products;  there  are  no  special 
requirements  for  a  sloping  surface  or  fast-dralnlng  soil.  As  mentioned 
above,  these  bentonlt e-clay  products  can  perform  effectively  against  a 
constant  head  of  water.  Trowel-on  and  spray-on  systems  are  well  suited  to 
complex  geemetries.  Bentonite  can  be  applied  to  curxdng  forms,  complex 
penetrations,  and  on  very  rough,  irregular  surfaces  such  as  stone,  blocks, 
or  corrugated  natal. 

The  cardboard  panels  containing  bentonite  have  more 
limitations  than  do  the  spray-ion  and  trowel-on  products.  They  are  not 
recommended  for  use  on  block  walls  unless  they  are  first  covered  with  a 
cement  plaster  coat.  Generally,  there  Is  more  concern  over  their 
effectiveness  on  horizontal  (as  opposed  to  vertical)  surfaces. 

Problems  vdth  the  cardboard  not  deteriorating  as  expected  seem 
to  occur  more  often  on  horizontal  surfaces.  If  the  panels  are  used  on 
horizontal  surfaces,  a  slope  is  desirable.  Finally,  the  large,  flat  panels 
are  not  well  suited  for  situations  Involving  complex  geometries,  curving 
forms.  Irregular  surfaces,  or  numerous  penetrations, 

(5)  Application  Considerations.  Application  of  each  type  of 
bentonite  product  requires  a  different  level  of  skill  and  experience.  The 
trowcl-on  product  can  be  applied  by  relatively  unskilled  labor.  The 
cardboard  panels  require  a  moderate  level  of  skill  and  experience  in  order 
to  avoid  pitfalls.  The  spray-on  application  requires  an  experienced 
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applicator  who  has  invested  in  the  proper  equipment  for  this  application. 
Because  bentonite  is  relatively  new  as  a  waterproofing  product,  the  number 
of  qualified  applicators  is  limited. 

Very  little  surface  preparation  is  required  for  the  spray-on 
and  trowel-on  products.  Rough,  irregular,  surfaces  such  as  those  of  spalled 
or  honeycombed  concrete  are  acceptable.  The  cardboard  panels  require  a 
smoother  surface  unless  they  are  applied  with  a  gel.  One  of  the  major 
advantages  of  bentonite  products  is  that  they  can  be  applied  in  virtually 
any  temperature  and  humidity.  In  addition,  they  are  nontoxic. 

A  critical  element  in  the  successful  application  of  the 
trowel-on  and  spray-on  products  is  that  an  even  thickness  of  material  must 
be  achieved.  For  the  spray-on  product,  a  3/16  to  3/8  inch  (4.76  to  9.53  mm) 
thickness  is  acceptable,  depending  on  which  system  is  used.  The  trowel-on 
product  requires  a  thickness  of  3/16  inch  (4.76  mm),  with  greater 
thicknesses  at  corners  and  construction  joints.  The  thickness  of  product 
remaining  after  evaporation  of  solvents  and  binders  should  be  sought  from 
the  manufacturer  and  tested  before  full  application.  The  application  of 
these  products  can  be  interrupted  without  leaving  any  seams  or  joints  that 
could  weaken  the  material.  Because  bentonite  should  not  be  sprayed  over  8 
feet  (2438  mm)  high  without  using  scaffolding,  it  may  be  necessary  to 
backfill  before  spraying  higher;  thus,  application  of  spray-on  waterproofing 
products  may  require  more  than  one  stage.  In  the  second  stage  of  the 
application  process,  it  is  important  not  to  leave  spillage  of  bentonite  on 
top  of  the  first  layer  of  backfill.  This  would  interfere  with  the 
free-draining  of  the  soil. 

Polyethylene  and  insulation  are  usually  placed  over  spray-on 
or  trowel-on  bentonite.  Because  the  bentonite  will  reseal  around  any 
punctures,  nails  can  be  used  to  hold  insulation  in  place.  One  of  the  most 
important  application  concerns  is  to  prevent  the  bentonite  from  getting  wet 
before  backfill  takes  place.  Thus,  backfilling  must  be  scheduled  as  soon  as 
possible  after  the  material  has  been  applied  and  has  had  time  to  cure. 

Curing  time  for  both  the  trowel-on  product  and  the  most  common  type  of 
spray-on  product  ranges  from  4  to  30  hours  depending  on  temperature  and 
humidity  conditions.  The  polyethylene  keeps  the  material  from  completely 
drying  out  during  the  curing  process.  The  material  is  too  soft  to  walk  on 
without  damaging  it  before  it  is  cured;  however,  a  newer  type  of  spray-on 
product  dries  innediately  and  can  be  walked  on  or  backfilled  immediately. 
Backfilling  can  also  be  done  Imnediately  when  cardboard  panels  filled  with 
bentonite  are  used. 

During  the  backfilling  process,  it  is  important  to  protect  the 
bentonite  from  damage.  One  concern  with  bentonite  applications  is  that 
settling  of  the  earth  can  drag  the  insulation  down  the  wall  and  scrape  the 
waterproofing  layer  off.  Because  nails  can  exacerbate  this  problem  they  are 
not  recommended  unless  absolutely  necessary.  Although  the  polyethylene 
helps  reduce  friction  from  settling,  it  is  most  important  that  the  backfill 
be  compacted  to  minimize  settling. 

(6)  Relative  Costs.  The  cost  of  the  bentonite  products  is  low  to 
moderate  in  comparison  with  the  other  general  types  of  waterproofing 
systems.  One  of  the  key  factors  influencing  costs  with  the  spray-on  product 
is  simply  the  availability  of  a  qualified  applicator. 

f 
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3.  WATERPROOFING  SELECTION  PROCEDURE.  The  flow  charts  below  (Figures  20 
through  26)  summarize  the  criteria  in  this  section  as  well  as  the  sections 
dealing  with  drainage,  structural  design  and  roof  or  wall  details.  The  flow 
charts  are  not  intended  to  be  fully  self-explanatory  or  exhaustive  in  its 
coverage  of  all  considerations.  It  is  provided  to  give  a  framework  and 
process  to  the  selection  of  a  waterproofing  system  for  known  building  and 
construction  parameters. 
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EVALUATE  GROUND 
WATER  CONDITIONS 


FIGURE  20 

Waterproofing  .Flowchart— Ground-Water  Conditions 
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Do  not  use  interior  waterproofing 


r 

-- j 


9 

Concentration  of  movement  at 
expan$i-ii  orxt  controi  joints 
only? 


Yes 


No  V 


to 


Crocking  evenly 
distributed? 


Yes 


No 


Good  bridging 
characteristics 
required  * 


12 

Detail  to  cocommodate 

■■  - -  - 

13 

Bfidjing  copabiJity  h  less 

movement  ot  joints 

critical 

I 

I 

I 

T 
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14 

Yes  • 

'5|  NO 

Need  high-quality 

1  Appiiea  TO  hor.zor.7ai  surrace.'' 

seamless  product 

No 

_ _ _ _ _ _ _ _ - _ ^ 

✓ _ 

Yes 

V 

^ _ 

1 

1 

Vertical  application  more 
difficult  for  some  products 

Quality  is  less  critical  it  water 
will  ixit  pond 

1 

vpr 

1 

1 

Complex  surfaces  and/or 

19 

Yes  \ 

Spray  or  trowel-applied  may  be 

numerous  penetratlor.s? 

y 

most  suitable 

F  )  (Go  to  Figure  24) 


Footnotes:  I.  Precast  concrete  will  require 
waterproofing  with  good 
bridging  characteristics 


FIGURE  23 

Waterproofing  Flowchart — Structural  Conditions 
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' — \  EVALUATE 
C  A  PRODUCT  RELIABILITY 
•  J  AND  CONTRACTUAL 
RELATIONSHIPS 


Do«s  rrxjnufcicfurer  hove  o  good  track  'I  No 
record? 


Has  prodvKt  formulation  been  changed  ^ 
within  the  post  2  years? 


Is  mon'jtocturer  wiiiing  to  provide 
ref er*.f>ce  projects? _ 


Yes 


Does  the  morKifocturer  hove  a  good 
litigation  history? 


Is  a  full-responsibility  guarantee 
ovailoble? 


Mcsiufacturer  erxlorses  applicator? 


Appiicotor  will  approve  surface 
preporotion?  _ 


Applicator  wili  instail  or  supervise  9i  No 

waterproofing  protection? 


Yet 


Monufocturer  confirms  suitabiiity  of  '0 
product  for  the  project? 


Yes 


Reduces  contention  of  responsibilty  fa  ” 
woterproofing  follure 


I 

ir - 

(Goto 


Figure  26) 


FIGURE  25 

Waterproofing  Flowchart — Product  Reliability  and  Contractual  Relationships 
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FIGURE  26 

Waterproofing  Flowchart-Product  Performance  and  Cost 


Section  14 


INSUUTION 


in  Winter 


FIGURE  28 

Heat  Flow  from  Buried  Structure 
in  Summer 


1.  EFFECT  OF  INSULATION  ON  THERMAL  PERFORMANCE. 

a.  Reduction  of  Heat  Flow.  Figure  27  schematically  illustrates  the 
heat  flow  through  the  ground  from  an  uninsulated  buried  structure  for  nearly 
steady-state  mid-winter  conditions.  The  solid  lines  indicate  the  direction 
of  heat  flow.  It  can  be  observed  that  the  highest  heat  flux  is  experienced 
through  the  roof  and  the  upper  portions  of  the  walls.  Introducing 
insulation  into  this  picture  will  modify  both  the  direction  and  the 
magnitude  of  the  heat  flux.  Clearly,  the  portions  of  the  building  shell 
nearest  the  surface  require  the  most  insulation.  However,  before  non-uniform 
insulation  strategies  are  chosen,  particular  care  must  be  taken  to  ensure 
that  thermal  short  circuits  around  or  through  the  insulation— via  relatively 
high  conductivity  paths  in  the  walls  or  soil— are  eliminated. 

Figure  28  schematically  illustrates  a  hypothetical  heat  flow 
pattern  for  summer  conditions.  lu  this  case,  the  ground  surface  is  warmer 
than  the  temperature  within  the  building  and  heat  will  flow  into  the 
building  through  the  roof  and  out  of  the  building  to  the  cooler  ground  at 
greater  depths.  Insulating  the  roof  under  these  conditions  would  reduce 
unwanted  heat  flow  into  the  building  but  insulating  the  lower  portions  of 
the  structure  would  retard  desirable  heat  flow  out  of  the  structure. 

b.  Thermal  Stability.  Placement  of  insulation  outside  a  high-mass, 
earth-sheitereci  building  structure,  such  as  concrete,  will  enhance  the 
thermal  stability  of  the  building  since  the  mass  inside  the  insulation 
envelope  will  be  available  to  moderate  room  air  temperature  swings  Cfor 
example,  those  due  to  passive  solar  gain). 
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;■  1 :  lu^ I te red  structures  have  a  strong  capacity  to  maintain  very 

t  .'"v.ior.itures  despite  high  levels  of  passive  solar  gain  in  the  winter, 
r  ) !  t  '  I -uire ,  will'll  all  sources  of  heat  are  removed  from  the  building,  the  air 
;  I  ;  :  ■ :  ,1 1 11  re  will  fall  slowly  because  of  the  heat  stored  in  the  walls  and 
(’U  til  .iroiind  the  building.  Even  temperatures  result  from  the  typical  -use  of 
li.-.ivy  in.iti'r ials  for  the  structure.  These  can  absorb  heat  during  the.  day  and 
'.■’I'-.vni'  tlio  lu'.it  at  night  —  but  daily  temperature  fluctuations  are  not 
F  1  vu  i  f  ic  .int  ly  affected  by  the  earth  outside  the  structural  mass.  Hence, 
interior  insulation  which  isolates  the  structural  mass  of  the  building  from 
llii'  interior  environment  will  increase  the  magnitude  of  daily  temperature 
fluctuations,  whereas  exterior  insulation  will  not. 

2.  Al'.OUNT  OF  INSUIATION. 

a.  01 i mate .  Insulation  schemes  for  northern  climates  will  not  be 
ai'propriate  or  cost  effective  for  cooling-dominated  climates.  Since  a 
pr'vary  benefit  of  insulation  is  in  reducing  winter  heat  losses,  insulation 
roguiroments  can  be  reduced  or  possibly  eliminated  in  areas  where  winters 
.’r.’  It'.sr,  severe.  Cooling  ..  onditions  are  usually  enhanced  by  using  no 
in. sal  .at  ion  on  the  surfaces  in  contact  with  cooler  ground.  Hence,  a  balance 
.rust  bo  struck  between  the  heating  and  cooling  needs  for  a  particular  area. 

Although  insulation  requirements  must  be  evaluated  on  an  individual 
has  is,  Table  3  may  be  used  as  a  general  guide  to  cost-effective 
.suppUmoatary  insulation  values  for  different  _reas  of  the  country  for  small 
onvolopc-dominated  buildings.  (No  detailed  cost-benefit  analyses  have  been 
carried  cut  to  determine  more  precise  figures.)  Large  buildings  with  high 
internal  heat  ;;ains  nwy  not  require  these, levels  of  insulation  even  in  cold 
climates  but  before  reducing  insulation  levels  a  useful  purpose  should  be 
sought  for  the  excess  heat. 

Wiiere  cooling  is  the  dominant  concern,  thermal  performance  is 
enhanced  the  most  by  eliminating  insulation  where  appropriate  rather  than 
loducing  insulation  levels. 

b.  Internal  He<at.  Large-scale  buildings — office  buildings  as  well  as 
tho'.o  involving  process  heat — usually  have  a  year-round  cooling  requirement 
in  interior  zones  of  the  building.  The  amount  of  insulation  to  use  in  such 
a  building  must  be  considered  in  conjuction  with  (1)  the  amount  of  energy 
lined  for  cooling  it,  (2)  the  HVAC  zoning  plan  for  the  building  (that  is, 
extol  ior  zones  cannot  be  too  cold),  (3)  the  possible  use  of  excess  energy  in 
other  buil dings ,.  and  (4)  the  probable  future  reduction  of  energy  release 
vjiliin  tl’e  building. 

’  Oround  Moisture.  The  thermal  conductivity  of  most  soils  can 
iiicri'ari.;  r,roatly  as  soil  conditions  change  from  dry  to  very  moist.  Although 
!  lie  lio.it  loss  will  undoubtedly  increase  when  the  ground  adjacent  to  a 
hull  ding  is  wot,  the  effect  on  the  building  may  be  reduced  by  the  following 

c  (M’ld  1 1  i  on:; . 


(1)  Conductivity  Versus  Heat  Flow  Path  Length.  As  the  ground 
thoin.il  conductivity  increases,  the  zone  of  warmed  earth  around  the  building 
will  spro.id  further  out.  For  deep-ground  heat  loss,  this  will  mean  a  higher 
c  (ind,  uc  t  i  V  i  t.y  but  a  longer  heat  flow  path  thus  reducing  the  impact  of  the 
incroasod  conductivity  on  actual  steady-state  heat  loss. 


•.•■.y.yF- 
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TABLE  3 

Suggested  Resistances  for  Insulation 


Climatic  Region 


Heating 

Degree 

Cooling  Degree 

Days,  Bose  650F 

Days,  Bose  65°F 

8,000 

-  11,000 

0-  SOO 

5,000 

-8,000 

500-  1,500 

2,000 

-5,000 

1,500  -  2,500 

less  than  2,0(X) 

more  than  2,000 

Suggested  Range  of  Supplemental  Insulation! 


Roofs  and 

Upper  VVal|2 

Lower  Well 3 

Kemote  Floor 
Areos^ 

R20  -  R40 

R5-  "120 

rxHie  -  R5 

R20  -  R30 

R3-RI0 

none  -  R5 

RIO  -  R20 

none  -  R5 

none 

RI0-R20 

none 

»•  w  -• 


Footnotes: 

This  table  should  only  be  used  os  a  general  guide  for  envelope-domirxited  buildings. 

1.  Section  14  discusses  distribution  of  insulation  and  exceptions  to  the  norms  presented  in  the  table. 
Values  ore  expressed  as  thermal  resistance  in  ft^  h  °F/Btu. 

2.  Earth  covered  roofs  with  12  inches  to  30  inches  (300  mm  •  760  mm)  of  cover  and  walls  within  8  feet 
(2440  mm)  of  the  ground  surface.  In  cooling-dominated  regions,  upper  wall  insulation  will  deperxj  on 
adjacent  ground  temperatures. 

3.  Earth-covered  wall  surfaces  further  than  8  feet  (2440  mm)  from  the  ground  surface. 

4.  Floor  areas  more  than  10  feet  (3050  mm)  from  the  ground  surface  which  are  not  used  as  a  solar  storage 
oi'easor  for  heat  distribution. 


••  ^  ■ 

N.  \  V 


‘  J*  J* 


I  Bto/h  ft^  ®F  »  5.6783  W/m^K 


.  (2)  Portions  of  the  structure  close  to  the  ground  surface  will 

usually  have  substantial  insulation  in  addition  to  the  ground  cover.  In 
this  case,  the  earth  provides  only  a  small  component  of  the  overall  steady 
state!  Revalue  but  functions  primarily  as  a  thermal  mass  and  temperature 
moderator.  The  thermal  diffusivity  of  the  soil  (a  combination  of  specific 
heat  and  conductivity  which  measures  the  speed  at  which  heat  will  propagate 
through  the  material)  is  not  as  greatly  affected  by  an  increase  in  moisture 
content. 

I  Seasonal  changes  in  ground  moisture  content  can  provide  an  energy 
advantage  in  some  climates.  In  northern  climates,  ground  freezing  and 
winter  snow  cover  combined  with  heat  loss  from  a  building  will  tend  to  dry 
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ott  th#  ti'invl  n.ljatpnt  to  th«*  hoilditiK,  lowering  the  heat  loss.  In  summer, 
w  .eo  the  urouivt  ovirface  i»  open  to  percolation  and  subject  to  higher 
14  .i{»n,  «o  increase  'n  gtinind  nxristure  content  will  promote  summer 
CO 'ling.  (Hher  climate*,  tor  . example,  where  heaviest  rainfalls  occur  in 
wi'iter  ail  dty  condition*  exist  in  the  summer,  may  reverse  this  situation. 
Whe  I  p  vety  rti  'v  St  ground  or  t  h"  ground-water  table  is  adjacent  to  a  building 
in  the  heating  season,  consideration  should  be  given  to  increasing 
I'n  iiation  levels  'n  those  areas  of  the  building  affected  (bearing  in  mind 
ttie  1<**  ('{  civ'ling  capacity  in  the  summer  this  will  cause).  Flowing 
gr  oun<t -wat  e  r  adjacent  to  an  underground  structure  should  be  given  particular 
attention. 

fsse  of  Abiding  Inrulatjon.  After  analyzing  the  basic  insulation 
I e 'pi ireme nt  s  of  tlie  structure  tor  cold  climates,  it  may  be  worthwhile  in 
regions  with  severe  winters  to  consider  adding  extra  insulation.  When  the 
insulation  is  added  outside  the  structure,  there  is  no  structural  limit  to 
the  amount  of  inaulation  that  can  he  added.  Because  there  should  be  only  a 
amsll  increase  in  the  labor  cost  of  placing  additional  insulation,  higher 
insulation  levels  may  be  more  cost  effective  despite  the  diminishing 
rate-of-return  on  higher  insulation  levels. 

3.  DISTRIBUTION  OF  INSULATION  AROUND  THE  BUILDING  ENVELOTE. 


a.  Optim'im  Distrihution  for  Minimizing  Heat  Loss.  To  minimize  total 
heat  loss  from  a  structure  under  steady-state  heat  loss  conditions, 
insulation  should  be  distributed  so  that  the  rate  of  heat  loss  through  all 
areas  of  the  structure  is  the  same.  The  lowest  heat  loss  from  an 
uninsul.T.ed  structure  (in  a  uniform  material  in  mid-winter)  occurs  at  the 
center  of  the  buried  floor  of  the  structure.  The  highest  heat  loss  occurs 
at  the  upper  portions  of  the  building.  Consequently,  insulation  should  be 
added  to  the  upper  portions  of  the  building  #o  that  heat  flow  from  all 
surfaces  is  approximately  equal. 


VOit;:?;;-,;! 
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The  resulting  optimum  insulation  pattern  would  be  similar  to  the 
s.)li(S  line  in  Figure  29.  The  optimum  insulation  pattern  is  also  affected  by 
each  corner  of  the  structure  because  an  area  of  wall  near  or  at  the  corner 
has  a  larger  zone  of  ground  adjacent  to  it  through  which  to  lose  heat.  The 
same  situation  will  also  occur  as  a  three-dimensional  effect  at  the  ends  of 
the  building—an  effect  that  creates  an  inherent  inaccuracy  in  any 
two-dimensional  heat  losa  model.  It  is  reasonable  to  assume  such  a 
steady-state  heat  flow  pattern  in  a  cold  climate  in  mid-winter  but  not  under 
more  variable  or  warmer  conditions.  In  addition,  stopping  insulation 
abruptly  will  radically  alter  heat  flow  paths  in  both  the  wall  and  the 
soil.  This  can  be  seen  in  Figure  30  (based  on  Reference  8,  Effect  on 
Insulation  Pls.ement,  by  Meixel).  Hence,  the  insulation  pattern  in  Figure 
w  TTiould  be  used  as  an  aid  to  understanding  rather  than  a  fixed  requirement. 


Line  ' B'  in  Figure  29  represents  a  guide  to  the  relative  placement 
of  insulation  around  an  underground  sti  cture  to  minimize  the  total  heat 


loaa  per  unit  of  insulation.  These  gui'’elines  do  not  determine  the  amount 
of  insulation  to  be  used,  but  only  the  suggested  distribution.  Lower  levels 
of  Inaulation  would  be  optimized  by  subtracting  a  constant  thickness  of 
inaulation  around  the  structure  from  the  previous  distribution  (line  'A'). 


Higher  levels  would  be  optimized  by  adding  a  constant  thickness  of 
insulation  (line  'C'). 
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1  n>0.304«m 

1  Btu/h  «*-3.l546  W/m* 


23456788 
HMt  Flux  (8tu/h  It^ 

(1)  No  Insulation 

(2}  4  Inches  (100  mm)  extruded  polystyrene  Insulatton  halt  way  down  outside 
(3)  4  Inches  (100  mm)  extruded  polystyrene  Insulation  to  top  of  looting 


FIGURE  30 

Simulated  Below-Grade  Heat  Flux 
(February,  Minneapolis) 
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Because  the  continuous  distribution  shown  in  Figure  29  cannot  be 
adhered  to  exactly  when  using  rigid  sheets  of  insulation,  a  practical 
approximation  should  be  made  after  the  optimum  cooling  placement  for 
insulation  has  been  considered.  See  Figure  31  for  an  example. 

The  two~diiDens ional  section  shown  through  the  building  does  not 
illustrate  all  the  high  heat  loss  areas  that  should  receive  thicker 
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FIGURE  31 

Optiniia  Insulation  Plac^m^nt 
(Heating  Conditions  Only) 


FIGURE  32 

Areas  Requiring  Extra  Insulation 


insulation.  Figure  32  indicates  other  surface  areas  of  an  underground 
structure  requiring  extra  insulatior  because  they  are  also  close  to  the 
ground  surface— for  example,  walls  close  to  exterior  retaining  wallsl  and 
sections  of  floors  close  to  a  walkout  level.  | 

b.  Optimum  Distribution  For  Maximizing  Cooling.  When  cooling  j 

requirements  are  the  most  important,  it  is  desirable  to  maximise  thd  heat 
flow  into  the  ground  to  aid  in  cooling  the  interior  of  the  structure.  When 
the  ground  temperature  is  below  78*F  (26*C),  insulation  will  only  rdtard 
heat  flow  out  of  the  structure  and  hence  will  detract  from  the  maxiimim 
cooling  effect.  Eliminating  insulation  will  also  slightly  lower  the 
interior  surface  temperature  of  walls  in  contact  with  the  ground.  This  can 
increase  human  comfort  by  the  radiation  of  heat  from  the  body  to  th^  cooler 
wall  surfaces.  In  very  hot  climates,  (where  the  roof  and  the  upper  wall 
surface  may  be  warmer  than  78”F  (26*C)),  insulation  of  those  areas  will  help 
retard  additional  heat  flow  into  the  structure.  | 

i 

c.  Compromises.  When  designing  for  both  heating  and  cooling  J 
requirements,  some  sacrifices  in  'ptiinum  insulation  placement  for  eich 
condition  will  be  necessary.  The  obvious  compromise  in  cliroatei  with 
balanced  heating  and  cooling  requirements  is  to  reduce  or  leave  off  the 
insulation  in  those  areas  where  the  heat  loss  in  winter  is  smallest — for 
example,  floor  areas  remote  from  the  ground  surface  and  the  lower  areas  of 
walls  more  than  7  to  10  feet  (about  2  to  3  m)  from  the  ground  surface. 

Climates  with  severe  winters  and  little  cooling  requirement  can  be 
optimized  fer  the  winter  condition.  Predominantly  overheated  climates  will 
only  require  insulation  for  portions  of  the  structure  which  will  be  in 
contact  with  ground  temperatures  above  78”F  (26*C). 
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d.  Insulation  as  a  Protection  Board  for  the  Waterproofing.  When 
applied  to  the  outside  of  the  structure,  waterproofing  usually  requires 
protection  from  damage  during  backfilling.  Although  from  a  thermal  point  of 
view  it  might  be  most  economical  to  scop  off  the  insulation  completely 
partway  down  the  wall,  a  more  effective  overall  compromise  (for  one-  and 
Lwo-story  structures)  may  be  obtained  by  carrying  a  small  thickness  of 
insulation  down  to  the  footing  to  serve  as  the  protection  board;  The 
exception  to  this  procedure  would  be  in  cooling-dominated  climates  where 
insulation  is  actually  detrimental  to  annual  performance.  Under  these 
conditions,  a  protection  board  with  high  conduction  properties  should  be 
used. 

e.  Passive  Solar  Gain  Areas.  When  a  floor  is  being  used  for  direct 
passive  solar  gain,  insulation  can  be  placed  below  the  slab  to  maintain  a 
higher  slab  temperature  and  thus  improve  re-radiation  (see  reference  7). 

f.  Insulation  as  a  '°rotection  Against  Cold  Floors  and  Condensation.  It 
is  desirable  in  earth-sheltered  structures  to  reduce  the  sensation  of  cold 
floors  and  walls  during  the  heating  season.  Insulation  outside  the 
structure  does  not  significantly  raise  the  surface  temperature  inside  the 
structure.  The  main  reason  for  the  common  perception  of  cold  floors  is  that 
materials  such  as  concrete  or  tile  can  rapidly  conduct  the  heat  away  from  a 
hand  or  foot,  whereas  a  wood  flooring  or  carpet  locally  insulates  the  part 
of  the  body  in  contact  with  it.  Thus,  the  sensation  of  warmer  floors  or 
walls  is  best  obtained  by  using  appropriate  interior  finishes  rather  than  by 
exterior  insulation.  After  the  building  has  been  in  operation  f^r  a  few 
months,  the  interior  surface  temperature  will  be  primarily  controlled  by  the 
interior  air  temperature  adjacent  to  the  surface,  together  with  any 
radiation  falling  on  the  surface.  In  the  case  of  no  radiation,  an 
uninsulated  floor  or  wall  remote  from  the  ground  surface  will  usually  have  a 
surface  temperature  within  4®F  (2'’C)  of  a  relatively  stable  air 
temperature.  A  small  amount  of  insulation  outside  the  wall  will  probably 
not  raise  the  surface  temperature  by  more  than  1*F  (0.5*C). 

Much  the  same  argument  applies  to  the  prevention  of  condensation. 
Interior  surface  temperatures  (except  passive  solar  areas)  will  probably  be 
raised  only  1*F  (O.S^C)  or  less  by  adding  exterior  insulation.  Compared 
with  the  uninsulated  wall,  this  added  insulation  will  only  eliminate 
condensation  problems  when  the  dewpoint  lies  in  the  1°F  (0.5°C)  range 
between  the  two  potential  surface  t  imperatures.  This  small  improvement  is 
not  enough  to  guarantee  a  greatly  superior  performance  to  the  insulated 
case.  If  condensation  is  a  real  problem  in  a  particular  climate,  a  small 
amount  of  interior  insulation  or  a  vaporbarrier  on  the  warm  side  of  an  air 
gap  will  ensure  that  the  surface  on  which  condensation  could  occur  will  be 
essentially  at  the  interior  air  temperature.  Otherwise,  provisions  for 
occasional  dehumidif icaticn  can  be  made. 

Abruptly  stopping  insulation  can  cause  worse  condensation  problems 
than  if  the  wall  were  not  insulated  at  all.  The  insulation  keeps  the  ground 
temperatures  outside  it  cool — an  effect  that  spills  around  the  edges  of  the 
insulation,  causing  the  section  of  wall  immediately  adjacent  to  the 
insulation  to  be  cooler  than  the  insulated  section  and  the  rest  of  the 
uninsulated  section  (see  Reference  9,  Heat  Loss  Through  Basement  Walls  and 


FIGURE  33 

7h«nMl  Br««k  Locations 


riGUKE  34 

Instilstion  Within  !!oil  Hass  and 
Datachad  frost  Building 


g.  Insulation  fcr  Tharmal  Braaha.  Naglacting  thamtal  braaks  can  causa 
significant  haat  loss  tn  an  otharwisa  wall'insulated  building  envalopa.  A 
tharaal  hraak  rafert  to  tha  insartion  of  insulation  in  parts  of  tha  building 
whara  a  high  conductivity  sMtarial  is  in  contact  with  both  tha  insida  air 
and  tha  outaida  cc'''*rtions.  Although  thasa  sections  usually  have  a 
relatively  ssmH  area,  they  can  begin  to  dominate  the  haat  lose  as  tha 
overall  insulation  of  tha  building  is  improved. 

Tharmal  braaks  can  be  provided  by  inserting  ssiall  thicknassis  of 
insulation  at  appropriate  points  within  tha  structure  or  by  wrapping  tha 
asposed  structural  alamant  with  insulation.  An  asampla  of  thermal  btaak 
In'.* at  ions  is  shown  in  Figure  33. 

4.  L<x;aTTOH  of  IHSUIATION.  It  ia  recoarsanded  that  insulation  be  placed 
only  on  tha  outside  of  tha  strurrura  and  the  waterproofing  envelv}pe.  This 
iniulatlon  satst  be  axtiuded  polystyrena  .,t  swat  tho  raquirwsnts  of 
paragraph  3  below. 

Insulation  mmy  also  be  placed  within  tha  soil  mass  as  shown  in  Figure 
34,  Tha  advantage  of  this  location  is  that  it  ficreases  the  cooling  banefit 
if  tha  soil  temperature  is  lower  than  tha  indt or  temperature.  However, 
winter  hear  loss  for  •’.tie  location  can  ba  up  to  twice  aa  oigh  as  for  an 
aquivalant  amount  of  insulation  placed  directly  on  the  wall.  This  location 
ahould,  tharefora,  ba  conaldeved  only  in  climates  with  cool  soil 
tampcrsturas  and  for  astarior  aarlh-cont act  son  iS  which  have  domiiisnt 
cooling  raquireswnts.  Fackfilling  will  also  La  more  difficult  with  this 
arvangemant .  Whan  cooling  is  not  tha  major  conalderation,  placement 
directly  adjacent  tj  tha  structure  ahould  ba  tlia  most  practical  solution. 
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ce  of  Moisture 
Moisture  Ga 


the  190-Da; 
ns 


1 00  diy  moisture  gain  (percent  of  dry  weight) 


Condition  A 

Condition  B 

Fiberboord,  1  inch  (25  rw) 

5.5 

140.0 

^(Tlitj  L'^rd,  1  inch  (25  mm) 

2.0 

90.0 

Cellular  glass,  1  inch  (25  mm) 

0.7 

11.0 

cigjc.’Kjed  becd  polystyrene,  1  inch  (25  mm) 

0.2 

1000.0 

E/ctruded  polystyri -i,  1  inch  (25  mm) 

2.5 

5.5 

Urethory;  with  nsphaliic  skins,  1  inch  (25  mm) 
Composite  of  1  inch  (25  mm)  urethane  with 

4.0 

l£0.0 

c-plxsltic  skins  and  3/4  inch  (IS  mm) 
perlite  board  below 

45.0 

340.0 
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Of  thr  insulation  typet  thovn  on  Table  4,  only  t%ro  have  an  acceptable 
rasietanca  to  aioisCura  absorption.  These  are  cellular  glass  and  extruded 
polystyrene. 

All  below'grade  insulation  oust  meet  the  moisture  absorption  resistance 
of  these  two  products  as  measured  under  condition  'B'  in  Table  4. 

Insulation  which  ia  used  above  grade  or  on  the  interior  of  a  building 
must  meet  the  fire  requirements  of  NAVFAC  DM-8  and  DOO  4270. IH. 

6.  INSTALLATION. 

a.  Method  of  Adhering  Insulation.  The  method  of  fixing  the  insulation 
to  the  wall  or  waterproofing  membrane  should  not  cause  damage  to  the 
membrane  if  settlement  of  the  backfill  adjacent  to  the  building  occurs  and 
causes  drag  forces.  To  help  avoid  these  problems,  the  backfill  should  be 
well  compacted  in  several  layers.  Refer  to  NAVFAC  DM-7  Series  for  soil 
compaction  criteria. 

b.  Backfilling.  Backfilling  procedures  on  the  roof  of  the  structure 
over  the  insulation  should  not  involve  pushing  earth  into  place,  as  this  can 
shift  that  insulation  and  create  uninsulated  gaps.  Earth  or  gravel  should 
be  tipped  just  ahead  of  the  previously  covered  portion  and  the  new  material 
leveled-off  in  place. 

c.  Prior  to  Backfilling.  A  layer  of  polyethylene  outside  the 
insulation  can  prevent  dirt  from  being  worked  between  the  insulation  boards 
during  back! il ling' and  can  help  the  insulation  remain  dry.  The  polyethylene 
should  be  laid  loosely  at  the  edges  of  the  building  to  allow  drainage  if  any 
water  should  penetrate  the  sheet  (see  subparagraph  above). 

d.  Thermal  Short  Circuits.  Care  must  be  taken  to  avoid  thermal  short- 
circuit  effects  in  transitions  from  above-  to  below-grade  insulation 
SMthods.  Refer  to  Section  15,  Roof  and  Wall  Details,  for  examples  of 
thermal  breaks. 
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Section  15.  ROOF  AND  WALL  DETAILS 


FIGURE  35 

Drain  at  Brick-Paved  Roof — Bituminous  Setting  Bed 


1.  GENERAL.  As  necessary,  each  detail  in  this  section  will  be  discussed  in 
terms  of  cost  effectiveness,  energy  efficiency,  constructability,  quality 
control,  resistance  to  failure  or  deterioration,  repairability,  maintenance 
implications,  iiire  resistance,  and  warranties.  All  details  must  be 
evaluated  for  i.  1)  suitability  to  climate  and  (2)  suitability  to  the  type  of 
functions  to  be  housed.  Freeze-thaw,  which  is  an  important  consideration  in 
northern  climates,  is  an  example  of  the  former.  Live  loads,  vapor 
transmission  and  interior  finishes  are  examples  of  the  latter.  As 
necessary,  the  discussion  of  the  recommended  details  will  include  climatic 
and  functional  suitability. 

2.  RECOMMENDED  DETA‘'.LS.  The  details  are  presented  in  the  following  order: 
(1)  roof  construction  (including  control  joints  and  expansion  joints),  (2) 
edge  conditions  for  roofs  (including  conditions  at  abutting  walls),  (3)  wall 
construction  at  grade  level,  (4)  wall  construction  at  retaining  walls,  and 
(5)  wall/floor  construction  at  footings.  All  of  the  details  involve 
waterproofing  and  most  of  the  details  involve  insulation.  The  installation 
methods  for  different  kinds  of  waterproofing  and  insulation  are  discussed  in 
sections  13  and  14. 

Area  Drain  at  Paved.  Roof — Pedestrain  Traffic-Minimal  Freeze-Thaw 
Cycles.  Refer  to  Figure  35.  The  intent  of  this  detail  is  to  provide  an 
economical  plaza  surface  of  brick  pavers  with  a  minimum  total  depth  between 
the  high  point  of  the  paving  and  the  bottom  of  the  structure. 

This  detail  applies  to  all  concrete  deck  systems.  However,  a 
separate  concrete  topping  above  the  structural  deck  should  be  avoided  since 
this  may  allow  horizontal  water  migration  in  the  event  of  a  leak.  This 
would  make  locating  the  actual  source  more  difficult.  The  concrete  surface 
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must  have  a  poaitive  alope  to  the  internal  dratna  or  the  roof  edgea.  The 
alopr  ahould  not  be  leaa  than  one  percent.  A  (treater  alope  la  rec onvaended 
in  r' e  vicinity  of  the  drain  ao  that  any  water  backin(t  up  from  the  drain 
(because  of  partial  free*e-up  or  clodding  combined  with  a  heavy  rain)  will 
rot  extend  too  far  back  from  the  drain. 

Ihe  waterproofing  ahould  be  adhered  to  the  concrete  deck.  The 
finiahed  aurface  of  the  concrete  muat  be  acceptable  for  tl.ia.  (The  finiah 
required  will  depend  oti  the  waterproofing.)  The  waterproofing  ia  terminated 
in  a  clamp  ring  at  the  drain  (some  manuf act urer a  may  call  for  an  extra  ply 
at  this  critical  area).  The  inaulation,  in  thia  cate,  aervea  aa  the 
protection  board  for  the  waterproofing. 

The  drain  muat  be  acceasible  for  cleanout.  The  drain  ahenra  ia  an 
all-level  drain  with  a  perforated  collar  and  removable  drain  cover.  A 
stainleaa  steel  mesh  is  placed  around  the  lower  portion  of  the  drain  to 
prevent  adjacent  construction  material  from  waahing  into  the  drain.  Waahmit 
of  materials  ia  just  aa  critical  to  the  stability  of  the  paving  construction 

as  it  ia  to  the  clogging  of  the  drain.  Th*  drain  should  have  a  removable 

internal  strainer  or  filter. 

In  climatea  having  frequent  freete-thaw  cycles,  it  ia  a'fviaable  to 
cut  back  the  insulation  thickness  around  the  drein  ao  that  heat  from  the 
epece  below  can  prevent  ice  from  forming  inaide  the  drain.  The  inaulation 
must  not  absorb  water.  However,  in  order  to  preaerve  tha  thenusl  value  of 
Che  insulation,  a  layer  of  polyethylene  aheet  enn  be  placed  over  tha 
inaulat io.n.  Host  of  tha  water  entering  the  paving  constru'  t  ion  will  thun  be 
channeled  away  above  the  insulation.  Tha  affect Iveneaa  of  this  dapanda  on 
tha  proper  direction  of  overlap  for  tha  polyethylene  ahaat,  aaaling  of  tha 
edgea  of  Che  polyethylene,  the  alope  of  roof,  and  the  affect ivanaat  of  tha 

drainage  couraa.  Tha  inaulation  ahould  be  placed  in  two  layara  with  jointa 

ataggared. 

Tha  protection  boards  aerva  to  protect  tha  polyathylana  aheet, 
should  it  be  used.  The  protection  board  as  wall  as  tha  polyathylana  aheet 
are  optional.  In  terms  of  maintenance  and  potential  future  damage, 
especially  where  the  roof  cover  ia  aoil,  the  protection  board  is  an  added 
precaution  for  atakes  r-.J  other  objects  that  may  be  driven  into  the  roof 
cover. 

fhe  gravel  layer  afrvea  three  purpoaes;  first,  to  provide  a  prlaiary 
drainage  layer  for  water  (^dpecially  if  the  polyethylene  sheet  ia  inatallad 
below  it);  secondly,  to  provide  a  bate  for  tha  bituninous;  and,  thirdly,  to 
provide  protection  to  Che  inaulation  from  the  hot  bituminous.  The  gravel 
layer  may  be  omitted  if  the  fo' lowing  ia  done:  (1)  the  thicknese  of  th# 
bituminous  ia  increased — use  a  1-inch  (2J-mm)  sand  asphalt  leveling  bad  ovar 
a  2-1/2-inch  (63.3-inn)  bituminous  hot-mix  under laymer.t ,  and  (2)  an  asphalt 
protection  board  is  placed  over  the  insulation. 

The  krick  pavers  are  set  in  the  bituminoua  imnediately  after 
leveling,  while  ttic  bituminous  is  still  hot.  Altarnativaly ,  the  bituminous 
may  be  rolled  and  covered  with  a  l/4-lnch  (6.3>-ai«)  neeprena  setting  bed. 

The  main  advantage  of  bituminous  over  concrete  in  this  case  is  ttie  economy 
of  conatrurtion  and  tha  reduction  of  wracking  in  the  brick  pavers.  A 
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-  Matonry  ptvw*  on  Mnd  bad  «rith  sand  iointa 
-Stona  or  pracaat  c^ain  cover 

-  Stalnlasa  ataal  (rama  with  soacara 


'Paa  gravel 
-  Perforated  collar 

'  Protection  board  over  polyaihylana  atwet 
'Stainlaaa  ateal  maah 

'Extruded  polyatyrana  InaUaUon  (2  layara  ataggarad  - 
bottom  layer  to  form  drainage  channels) 

-Membrane  waterproofing  (adhered  to  concrete) 


FIGURE  36 

Drain  at  Brick-Pavt'.d  Roof — Sand  Setting  Bed 


concrete  base  with  pavers  grouted  'in  place  would  also  create  a  thicker  roof 
section  (if  the  drainage  course  were  also  required)  resulting  in  a  higher 
dead  load  on  the  structure  (however,  paving  equipment  will  be  required  for 
the  bituminous),  and  would  require  control  joints  aligned  with  the  control 
joints  in  the  pavers.  The  disadvantage  of  bituminous  is  that  it  has  less 
strength  to  resist  stresses  from  frost  and  thermal  movement.  In  extremely 
warm  conditions,  the  bituminous  will  tend  to  soften  and  will  not  support 
heavy  concentrated  loads.  Conseqtwntly,  this  detail  is  suited  to  pedestrian 
traffic  and  light  maintenance  vehi,cles  only. 

The  paving  should  be  sloped  to  the  drains  (1  percent  slope  minimum) 
in  order  to  drain  as  much  of  the  Water  as  possible  before  it  soaks  into  the 
paving  construction.  The  joint  at'  the  drain  should  allow  for  lateral 
movement  of  the  pavers  (use  expansion  material)  and  should  be  caulked.  If 
bittminous  is  used  as  a  base,  the  pavers  should  be  at  least  7.  inches  (50  mm) 
thick.  The  joints  are  filled  with  a  cement-sand  dry  mix.  The  pavers  may  be 
as  thin  as  3/4  inch  (19  mm)  if  concrete  is  used  with  a  1/4-inch  (6.35-mm) 
minimum  mortar  bed.  In  this  case,  the  joints  in  the  pavers  should  be 
mortared.. 


b.  Drain  at  Paved  Roof— Frequent  Freeze-Thaw  Cycles— Pedestrian 
Traffic.  Refer  to  Figure  36.  This  detail  serves  the  same  function  as  the 
previous  detail,  the  major  difference  being  that  is  is  better  suited  to 
harsh  northern  climates.  The  major  disadvantages  of  this  type  of 
construction  are  that  (1)  it  is  less  capable  of  supporting  traffic  than  the 
previous  detail,  (2)  snow  removal  by  light  equipment  may  cause  more  damage 
because  the  bricks  are  not  adhered  or  grouted,  (3)  the  slope  of  the  concrete 
slab  becomes  more  critical  since  more  water  will  reach  the 
membrane/insulation  layer,  and  (4)  the  joints  are  a  potential  place  for 
weeds  to  grow  (however,  this  can  be  remedied  by  chemical  spraying— an 
additional  maintenance  consideration).  The  major  advantages  over  the 
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previous  detail  are  (1)  tolerance  to  freeze-thaw  cycles  and  (2)  economy  of 
construction. 

The  pavers  may  be  sloped  to  the  drain — however,  only  a  slight  slope 
(1  percent  maximum)  should  be  used  to  prevent  eroding  the  sand  in  the 
joints,  especially  in  the  vicinity  of  the  drain.  The  stainless  steel  frame 
at  the  drain  serves  to  hold  back  the  sand  cushion  as  well  as  the  adjacent 
pavers. 


k  filter  fabric  must  be  installed  between  the  sand  cushion  and  the 
drainage  layer  to  prevent  the  washout  of  sand  into  the  drainage  layer.  The 
drainage  layer  will  carry  more  water  than  the  one  in  the  previous  detail. 
Consequently,  in  this  case,  the  polyethylene  sheet  above  the  insulation 
becomes  more  useful. 

Criteria  for  the  other  components  of  this  detail  are  the  same  as 
fur  the  previous  detail.  The  remaining  commentary  for  this  detail  will 
discuss  the  location  of  the  drainage  layer.  The  main  purpose  of  the 
drainage  layer  is  to  prevent  or  reduce  freeze-thaw  action  in  the  paving  and 
to  reduce  the  amount  of  water  in  Che  paving.  The  gravel  in  this  location 
also  serves  Co  hold  down  Che  insulation  during  construction.  Consider  what 
would  happen  if  the  insulation  were  located  above  Che  gravel  drainage 
layer.  First,  Che  thermal  mass  above  the  insulation  will  be  decreased  and, 
simultaneously,  the  interior  warmer  temperature  gradient  will  be  brought 
closer  to  the  surface.  In  a  cold  climate,  the  warmer  substrate  will  cause 
thawing  to  occur  to  a  greater  depth.  The  freeze-thaw  cycles  in  the  paving 
will  be  increased  by  a  decrease  in  the  thermal  mass.  If  snow  is  left  on  the 
paving  to  thaw,  the  paving  will  become  saturated  with  melt-water.  Removal 
of  this  water  is  improved  by  eliminating  as  much  capillary  rise  as 
possible.  The  gravel  provides  a  capillary  break.  Free  flow  of  water  will 
t..ke  place  in  the  lower  portion  of  the  gravel  layer  and  in  the  insulation 
l?yer  in  the  joints  between  Che  insulation  and  under  the  insulation.  The 
thickness  of  the  gravel  drainage  layer  can  be  reduced  if  the  flow  in  the 
insulation  is  improved.  This  can  be  done  by  cutting  drainage  channels  in 
the  underside  of  the  insulation.  This  should  be  done  by  the  supplier  before 
the  insulation  is  delivered  to  the  job  site. 

If  heat  loss  is  a  concern  due  to  the  water  in  the  insulation  layer, 
polyethylene  sheet  can  be  placed  over  the  insulation.  The  edges  should  be 
overlapped  and  sealed.  Further,  if  puncturing  of  the  polyethylene  is  a 
concern,  a  thin  layer  of  dimensionally  stable  protection  board  can  be  placed 
over  the  insulation.  The  polyethylene  will  restrict  most  of  the  water  flow 
to  the  gravel  layer  and  will  decrease  the  rate  of  drainage  within  the 
insulation  so  that  Che  water  does  not  remove  as  much  heat  on  its  way  to  the 
drains. 


c.  Area  Drain  at  Concrete  Paved  Roof — Light  Vehicular  Traffic.  Refer 
to  Figure  37.  In  this  condition,  Che  drainage  layer  is  omitted.  The  amount 
of  water  reaching  the  level  of  the  waterproofing  is  small  (this  water  will 
tend  to  collect  at  Che  membrane  waterproofing  and  drain  between  the  joints 
in  the  insulation).  The  concrete  (which  is  reinforced)  is  divided  into 
panels  to  allow  for  expansion  and  contraction  and  to  minimize  freeze  thaw 
action.  The  joints  are  formed  with  expansion  material  and  sealed.  (The 
sealant  is  necessary  to  reduce  water  penetration.) 
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Concret*  (slopo  to  drain) 

Concraie  anchor 
Joint  NIar 
Slip  shaat 
Paa  graval 
Stainlaaa  staal  maah 
Waaphola 

Extrudad  polyatyrana  Inaulatton  (2  layars  ttaobarad) 
Mambrana  waterproofing  (adhered  to  concrete) 
Struchjral  concrete  deck  (alopa  to  drain) 


FIGURE  37 

Drain  at  Concrete-Paved  Roof 
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•  stone  or  pracaat  pavara  with  open  jolnta 


.  AdMtabla  padaatal 
•  Protection  board  over  polyathylana  ahaat 
-  Extruded  polyetyrane  Inaulation  (2  layara  ataggarad) 


Membrane  watarprooling  (adhered  to  eoncrata) 


Canterina  of  drain 


Structural  concraie  deck  (alopa  to  drain) 


FIGURE  38 

Drain  at  Paved  Roof — on  Pedestals 


Both  the  paving  and  concrete  deck  must  slope  to  the  drain.  The 
slope  of  the  concrete  deck,  however,  should  be  increased  adjacent  to  the 
drain  to  help  evacuate  back-up  water  that  has  entered  from  the  top  of  the 
drain.  The  drain  itself  must  withstand  lateral  stresses  and  must  have  a 
removable  drain  cover  for  cleanout  and  inspection.  A  removable  internal 
strainer  or  filter  is  also  necessary. 

d.  Drain  at  Paved  Roof— Frequent  Freeze-Thaw  Cycles — Pedestrian 
Traffic.  Refer  to  Figure  38.  This  type  of  construction  solves  the 
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FIGURE  39 

Drain  at  Earth-Covered  Roof 


frceta-thaw  problea  by  setting  the  pavers  on  pedestals.  The  pedestal  shown 
is  a  aanufactured  product  and  is  adjustable  over  a  range  of  heights. 

However,  other  pedestals  such  as  concrete  blocks  or  concrete  may  be  used 
(consult  a  local  contractor  on  the  relative  material/ labor  cost).  The 
pavers  are  typically  2  to  4  feet  in  width  (about  600  mm  to  1200  mm).  The 
size  affects  labor  costs  as  well  as  the  thickness  required  for  the  paver). 
The  weight  of  the  pavers  should  be  sufficient  to  counter  ouoyancy  of  the 
insulation  In  the  event  that  the  roof  becomes  flooded.  Normally,  the 
thickness  of  the  insulation  will  be  considerably  less  than  the  thickness 
that  would  be  required  to  produce  buoyancy  problems.  > 

The  insulation  must  tolerate  water  without  losing  its  thermal 
resistance.  Cellular  glass  or  extruded  polystyrene  (staggered  in  two 
layers)  is  recommended  for  this.  If  extruded  polystyrene  is  used,  the 
insulation  must  be  covered  with  a  durable  protection  board  to  protect  the 
insulation  from  fire  as  well  as  objects  which  may  be  poked  through  the 
joints  in  the  pavers. 

Two  important  operational  advantages  of  this  system  are  that  (1)  it 
allows  easy  access  for  repairs  and  maintenance,  and  (Z)  it  provides 
ventilation  of  the  construction  which  promotes  evaporation  of  water  as  well 
as  cooling  (by  reducing  heat  build  up).  Consequently,  the  same  detail  with 
a  pea-gravel  setting  bed  in  lieu  of  the  pedestals  would  not  be  as  desirable 
functionally  (although  it  might  be  less  expensive  initially).  An  additional 
advantage,  aesthetically,  is  that  the  pavers  car.  be  installed  level  rather 
Chan  sloped. 

a.  Area  Drain  at  Earth-Covered  Roof.  Refer  to  Figure  39. 

(1)  Component  Parts  of  an  Earth-Covered  Root.  The  roof 
construction  shown  Figure  39  has  six  principal  parts  which  must  be  provided 
for  all  earth-covered  roofs.  These  consist  of  the  following: 
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(a)  Soil  Layer.  The  soil  thickness  and  mixture  must  be 
adequate  to  support  the  selected  vegetation.  An  irrigation  system  may  also 
be  required  dependin'^  on  the  type  of  vegetation  and  the  thickness  of  the 
soil  layer  (see  Section  8,  Planting  and  Irrigation). 

(b)  Soil  Separator.  A  soil  separator  must  be  provided.  This 
may  consist  of  a  manufactured  filter  fabric,  an  improvised  filter  mat  (such 
as  fiberglass  insulation).  Both  have  the  function  of  preventing  smaller 
particles  from  entering  the  bottom  drainage  layer.  Filter  fabrics,  however, 
have  the  additional  advantage  of  discouraging  plant  roots  from  penetrating 
into  Che  drainage  layer. 

(c)  Drainage  Layer.  Sometimes  referred  to  as  a  percolation 
layer,  the  main  function  of  the  drainage  layer  is  to  allow  water  to  migrate 
to  the  drain  (or  roof  edge).  In  some  instances  this  layer  may  be  placed 
adjacent  to  the  waterproofing  with  an  intervening  layer  of  staggered 
protection  board.  In  most  situations,  however,  it  is  economical  (and 
equally  effective)  to  install  the  insulation  directly  above  the 
waterproofing  system  rather  than  introducing  a  layer  of  protection  board 
under  Che  gravel,  which,  in  turn,  must  be  carefully  leveled  Co  receive  the 
insulation  boards.  In  either  location,  pea-gravel  is  recommended  for  ease 
of  placement  and  leveling. 

(d)  Insulation.  The  insulation  must  be  capable  of 
withstanding  submersion  in  water  without  substantial  loss  of  its  thermal 
resistance.  Extruded  polystyrene  is  suitable  for  this.  The  insulation 
should  be  installed  in  at  least  two  layers  with  staggered  joints.  This  will 
improve  the  thermal  integrity  at  joints  as  well  as  prevent  materials  from 
reaching  the  waterproofing  layer  through  the  joints  in  the  insulation.  A 
polyethylene  sheet  may  be  added  above  the  insulation  layer  Co  help  confine 
water  to  the  drainage  layer.  The  edges  of  the  polyethylene  must  be 
overlapped  and  sealed  to  be  effective.  Also,  a  protection  board  layer  may 
be  added  as  a  construction  consideration  Co  help  protect  Che  polyethylene 
and  Co  provide  additional  protection  from  stakes  and  other  objects  driven 
into  the  soil. 

(e)  Waterproofing.  The  type  of  waterproofing  chosen  depends 

on  the  construction  methods,  timing,  type  of  structural  deck  and  cost 
considerations  (see  Section  13,  Waterproofing).  If  bentonite  waterproofing 
is  used,  a  layer  of  polyethylene  over  Che  bentonite  is  recommended.  This 
prevents  Che  bentonite  from  eroding  in  concentrated  flow  areas  such  as  at 
Che  joints  in  the  insulation,  for  example.  The  polyethylene  also  serves  as 
a  rain  cover  for  Che  bentonite  before  placement  of  the  gravel  and  soil 
layers.  The  edges  of  Che  polyethylene  must  be  overlapped  and  sealed  to  be 
effective.  If  bentonite  is  used  for  the  waterproofing,  it  may  also  be  used 
to  seal  Che  polyethylene.  I 


(f)  Structural  Deck.  In  most  instances,  the  structure  will 
be  cast-in-place  concrete,  however,  other  systems  including  precast 
concrete,  concrete  fill  over  metal  deck,  and  wood  plank  may  be  usAd, 
depending  on  other  design  criteria.  In  all  cases,  the  surface  of  jChe  deck 
must  slope  to  drains  or  roof  edges  and  have  a  finish  suitable  for  the 
selected  waterproofing. 
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(2)  Interior  Roof  Dreins.  The  drain  shown  in  Figure  39  is  an 
j  all-level  drain  with  o  perforated  collar,  removable  drain  cover,  and 
I  removable  internal  filter.  The  perforated  collar  must  be  wrapped  in  a 
stainless  steel  mesh  to  prevent  the  erosion  of  the  gravel  layer  around  the 
cellar.  Bentonite  waterproofing,  if  used,  must  terminate  at  least  1  fooc 
(300  mm)  back  from  the  drain  (refer  to  the  manufacturer's  tech.iical  notes) 
and  overlap  a  layer  of  membrane  waterproofing  adhered  to  the  concrete  deck 
: and  drain  flange.  If  membrane  waterproofing  is  used,  this  should  extend 
: into  a  damp  ring  as  well.  The  drainage  pan  and  flange  detail  shown  in 
Figure  39  are  for  fluid  applied  waterproofing.  Using  a  drainage  pan,  as 
i shown,  reduces  the  potential  for  the  bentonite  to  erode  around  the  drain, 
j  leading  to  clogging  of  the  drain.  An  increased  rate  of  slope  around  the 
'drain  will  reduce  the  extent  of  backup  water  and  thus  help  prevent  erosion 
I  of  the  bentonite  near  this  condition. 

I  In  Figure  39,  a  concrete  collar  is  provided  around  the  top  of 

I  the  drain.  This  collar  helps  hold  back  grass  and  lawn  clippings  and  reduces 
'  soil  erosion  where  other  types  of  planting  may  be  used.  With  a  smaller 
tributary  drainage  area  and  a  soil  surface  that  is  graded  flat,  the  concrete 
collar  may  be  omitted.  In  this  case,  a  solid  drain  cover  may  be  used. 

Drain  collars  should  be  wrapped  in  filter  fabric  and  the  collar  should  not 
be  perforated  at  the  soil  layer.  If  it  is  possible  for  the  roof  to  flood, 
because  of  a  continuous  parapet  for  example,  the  drains  must  have  a  grate  or 
strainer  at  the  top.  In  addition,  shoxtld  flooding  be  possible,  overflow 
drains  would  have  to  be  provided.  Overflow  scuppers  are  not  recommended. 

If  an  overflow  (either  drain  or  scupper)  is  not  provided,  then  the  structure 
and  the  parapet  must  be  designed  to  hold  the  water. 

f.  Pipe  Penetration  at  Paved  Roof.  Refer  to  Figure  40.  This  detail 
illustrate^  a  pipe  penetration  through  a  roof  paved  in  concrete.  However, 
this  type  of  solution  will  work  equally  well  for  other  types  of  paving 
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FIGURE  41 

Expansion  Joint  at  Earth-Covered  Roof 
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situations  as  well  as  earth  cover.  The  basic  strategy  in  this  solution  is 
to  eliminate  flexible  connections  above  the  roof  and  to  restrict  all 
mo/ement  below  the  level  of  the  structural  deck.  This  reduces  the 
vulnerability  of  the  connection  above  the  roof  construction  and  also  allows 
a  neater-looking  appearance.  Thi.’i  particular  detail  uses  a  pipe  sleeve  with 
concrete  anchors.  After  casting  the  assembly  in  the  concrete,  the  steel 
pipe  is  then  welded  to  the  top  and  bottom  edges  of  the  pipe  sleeve.  An 
alternate  solution  that  would  work  equally  well  would  be  to  weld  the 
concrete  anchors  to  the  section  of  vent  pipe  and  to  cast  this  into  the 
concrete  directly.  The  end  of  the  pipe  is  threaded  so  that  proper 
connections  can  be  made  using  manufactured  exp‘'n8ion  joint  assemblies. 

The  waterproofing  illustrated  is  membrane  waterproofing.  Normally 
the  manufacturer  will  call  for  additional  plies  to  be  used  at  this  critical 
point.  The  vertical  legs  of  the  membrane  waterproofing  must  be  terminated 
so  that  it  can  be  caulked  with  a  compatible  waterproofing  material. 

Different  manufacturers  will  have  different  recommended  methods  for 
terminating  the  waterproofing,  however,  and  reference  should  be  made  to  the 
technical  information  for  the  product  selected.  Expansion  material  should 
be  used  around  the  pipe  to  reduce  stresses  on  the  pipe.  The  joint  at  the 
surface  should  be  sealed.  If  the  roof  is  earth-covered,  the  soil  should  be 
sloped  away  from  the  pipe.  Sloping  the  concrete  away  from  the  pipe  is  also 
advisable. 
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g.  Expansion  Joint  at  Earth-Covered  Roof.  Figure  41,  illustrates  a 
condition  at  an  expansion  joint  at  an  earth-covered  roof.  Becauje  of  the 
continuity  of  the  insulation,  the  plastic  air  stop  below  the  expansion  joint 
is  not  required.  However,  a  similar  type  of  construction  ftr  the 
waterproofing  will  be  required.  In  the  detail,  bentonite  waterproofing  is 
the  main  waterproofing  for  the  structure.  The  bentonite  must  overlap  the 
membrane  waterproofing  at  the  expansion  joints.  The  membrane  waterproofing 
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must  be  thoroughly  adhered  to  the  concrete  surface  and  extend  out  from  the 
expansion  joint  for  a  width  of  at  least  2  feet  (600  mm)  on  either  side  of 
the  expansion  joint.  The  membrane  waterproofing  may  be  formed  over  a 
prefabricated  expansion  cover,  neoprene  pipe  insulation,  or  large-diameter 
form  rod  stock.  This  material  must  be  secured  in  place  by  adhering  the  top 
to  the  underside  of  the  membrane  waterproofing.  If  rod  stock  is  used,  it 
cai  be  sandwiched  between  two  layers  of  waterproofing  to  hold  it  in  place. 
The  bentonite  is  then  carried  over  the  completed  assembly.  Increasing  the 
thickness  of  the  bentonite  would  be  advisable  in  this  area.  The 
polyethylene  sheet,  which  is  normally  placed  over  bentonite  is  imperative  in 
thia  case.  Not  only  does  the  polyethylene  sheet  prevent  erosion  of  the 
bentonite  in  the  open  area  where  the  water  would  tend  to  flow  in  channels, 
but  it  also  helps  confine  the  bentonite.  This  is  necessary  to  reduce  the 
swelling  of  the  bentonite  in  an  unconfined  space.  The  insulation  is  hold 
away  from  the  expansion  assembly  either  by  notching  the  insulation  t.'  by 
stacking  the  insulation  as  shown  in  the  detail.  This  eliminates  pressure  on 
the  expansion  joint  assembly  which  might  cause  collapse  of  the  domed  shape. 
In  this  case,  to  ensure  that  the  weight  of  the  earth-cover  and  gravel  layers 
above  will  not  collapse  through  the  insulation,  a  structural  board  (of 
treated  wood)  is  layed  under  the  top  layer  of  insulation.  It  would  be 
advisable  to  increase  the  rate  of  slope  of  the  concrete  deck  away  from  the 
expansion  joint. 

h.  Earth-Covered  Roof  at  Masonry  Cavity  Wall.  Refer  to  Figure  42. 

For  additional  commentary  on  the  roof  construction  shown  in  this  detail 
refer  to  Figure  39  above.  The  concrete  deck  should  slope  away  from  the 
wall.  The  additional  thickness  required  for  the  concrete  slab  at  this  point 
will  depend  on  the  size  of  the  area  to  be  drained  and  slope  of  the  concrete 
surface.  Bentonite  waterproofing  is  the  main  waterproofing  used  in  this 
case.  However,  at  this  condition,  membrane  waterproofing  must  be  used  so 
that  the  bentonite  waterproofing  overlaps  the  membrane  waterproofing  at  the 
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■  Stainless  steel  flashtng  ar  *  redwood  spacer 


-  Elastometric  sealant  over  foam  rod  backer 


-  Saw-cu!  reglet  to  receive  membrane  waterproofing 

-  Oosed-cel  polyetbylene  insulation 


,  Structural  board 


.  Potyethylene  sbeei  over  bentonite 
'  Bentonite  over  membrane  watarproofittg 
'  Pipe  insuiation-adhere  to  membrane  waterproofing 
-  Closed-cel  potyethylene  insuialian  and  plastic  air  stop 
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FIGURE  43 

Expansion  Joint  at  Earth-Covered  Roof  and  Existing  Structure 
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base  of  the  membrane  waterproofing  and  so  that  the  integrity  of  the 
waterproofing  system  can  be  continued  above  grade.  This  is  accomplished  by 
extending  the  membrane  waterproofing  through  the  wall  construction  at  a 
point  just  below  grade  and  then  by  extending  the  waterproofing  up  at  least  1 
foot  (300  nm).  The  membrane  waterproofing  must  be  adhered  to  the  masonry 
along  the  upper  portion.  The  bottcm  edge  of  the  through-wall  waterproofing 
should  be  left  unadhered  until  e  separate  ply  can  be  installed  at  the  wall 
and  slab.  The  through-wall  membrane  is  the^.  overlapped  and  adhered  to  this 
second  ply.  To  ensure  a  positive  overlap  of  the  bentonite  and  the  membrane 
w  terproofing,  the  bentonite  is  continued  part  way  un  the  wall  over  the 
nembrane  waterproofing.  The  bentonite  is  thi-keited  at  the  cove  at  the  base 
of  the  wall  and  at  the  edge  of  the  membrane  waterproofing  at  the  slab.  The 
top  of  the  bentonite  should  be  flashed  to  prevent  washout  of  the  bentonite 
adjacent  to  the  ground  surface.  Polyerhylene  sheet  applied  to  the  wall  with 
an  appropriate  mastic  will  serve  this  purpose. 

As  with  conventional  building  construction,  the  cavity  wall  should 
not  extend  below  grade.  The  cavity  space  below  the  cavity  wall  flashing 
should  be  grouted  solid.  The  cavity  wall  flashing  is  extended  up  and 
terminated  in  the  mortar  joi.it  of  the  concrete  block  backup  according  to 
criteria  for  conventional  cavity  wall  construction.  The  insulation  (which 
should  be  extruded  polystyrene  insulation)  serves  two  functions:  (1)  to 
protect  the  waterproofing  and  (2)  to  develop  a  thermal  overlap  with  the 
insulation  in  the  wall.  This  overlap  does  not  constitnc-:  a  complete  thermal 
break.  However,  in  this  case,  the  overlap  provides  a  cost-effective  way  of 
reducing  the  heat  transmission  at  this  point. 

i.  Expansion  Joint  at  Earth-Covered  Roof  and  Existing  Structure.  Refer 
to  Figure  43.  This  expansion  joint  occurs  near  the  foundation  wall  of  an 
existing  building.  The  expansion  joint  construction  is  similar  to  the 
construction  for  an  expansion  joint  within  the  typical  roof  area.  Refer  to 
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FIGURE  44 

EarCh-Cover«d  Roof  at  Skylight  with  Concrete  Curb  Exposed  to  Interior 


Flgurt  41  for  criteria  on  thla  type  of  construction.  The  membrane 
waterproofing  which  la  adhered  to  the  concrete  deck  and  to  the  cleaned  and 
printed  aurfacc  of  the  eal/^tlng  wall  la  carried  up  to  a  point  above  grade 
level  and  returned  Into  a  aaw-cut  reglet  and  caulked.  The  bentonite 
waterproofing,  which  la  the  principal  waterproofing  for  the  roof  In  thla 
caae,  la  overlapped  and  carried  up  the  wall  over  the  membrane 
waterproofing.  The  polyethylene  sheet,  which  la  normally  Installed  over  the 
bentonite  on  the  roof,  la  al  ,o  carried  up  the  wall  over  the  bentonite.  The 
upper  edge  ot  this  assembly  la  flashed  with  stainless  steel  flashing  and 
continuous  redwood  spacers  an€  anchored  Into  the  existing  stone  with 
stainless  steel  screws  and  neoprene  washers.  The  top  of  the  flashing  la 
formed  such  that  a  positive  joint  may  be  formed  and  sealed  with  elastomeric 
sealant  over  a  foam  rod  backer.  The  flashing  la  removable  for  maintenance 
and  repair.  | 

•  An  additional il  ver  of  extruded  polyestyrene  la  cantilevered  over 
the  bottom  two  layers  with  a  layer  of  treated  wood  to  ensure  that  the  soil 
and  gravel  materials  d^  not  fall  Into  the  space  above  the  expansion  joint. 

To  complete  the  closurel,  a  layer  of  closed-cell  polyethylene  Insulation  la 
placed  over  the  atructuyal  bc.ard  and  carried  up  the  wall  aa  high  at  poaslbla 
without  extending  abo/e^rade.  Thla  inaulatlon  aervea  two  purposes.  First, 
the  Insulation  provides  Iprot set  Ion  to  the  waterproofing  and,  secondly,  the 
Insulation  (which  Is  compressl bis)  will  take  up  the  movement  between  the 
soil  and  ths  existing  building.  The  compressible  Insulation  will  not 
completely  eliminate  the)  development  of  cracks  between  the  soli  and  the 
building,  however.  Consequently,  It  la  Imperative  that  the  waterproofing 
and,  sapeclally  ths  bentonite,  be  thoroughly  flashed  to  shed  water  away  from 
these  critical  areas.  In  addition,  It  would  be  advisable  to  Increase  the 
slops  of  the  concrete  deck  adjacent  to  the  expansion  joint. 
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J.  Earth-Covered  Roof  et  Skylight  with  Concrete  Cutb  Exposed  to 
Interior.  IsYer  to  Figure  44.  Thla  detail  lllustratea  the  lower 
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FIGURE  45 

Parapet  at  Earth-Covered  Roof  with  Thermal  Break 


termination  of  a  skylight  at  an  earth-sheltered  roof.  The  primary  aesthetic 
constraint  was  that  the  concrete  be  exposed  on  the  interior.  Bentonite, 
which  is  the  primary  waterproofing  in  this  case,  is  shown  overlapping 
membrane  waterproofing  which  is  adhesively  applied  to  the  concrete  curb 
below  the  skylight.  This  detail,  however,  would  be  similar  for  a  condition 
where  membrane  waterproofing  was  the  primary  waterproofing  system.  The 
insulation  which  is  continued  up  the  concrete  wall  serves  as  protection  for 
the  waterproofing  as  well  as  completing  the  thermal  continuity  of  the 
insulation.  It  is  important  to  carry  the  insulation  as  far  as  possible,  not 
only  to  improve  the  thermal  efficiency,  but  also  to  help  prevent 
condensation  on  the  backside  of  the  membrane  waterproofing  (which  acts  as  a 
vapor  barrier).  By  detailing  the  membrane  waterproofing  as  a  vapor  barrier, 
it  can  be  terminated  in  a  caulked  joint  between  the  concrete  and  a 
continuous  steel  support  angle  fer  the  skylight.  This  configuration,  in 
effect,  extends  the  vapor  barrier  all  the  way  to  the  first  purlin  on  the 
skylight.  The  metal  flashing  which  covers  the  above-grade  insulation  is 
positioned  so  that  it  accommodates  the  veep  at  the  skylight  as  well  as 
performing  a  flashing  function. 

k.  Parapet  at  Earth-Covered  Roof  With  Thermal  Break.  Refer  to  Figure 
45.  Rather  than  extending  the  insulation  envelope  around  the  parapet  and 
soffit,  a  positive  thermal  break  is  provided  within  the  concrete 
construction.  The  connection  at  the  thermal  break  is  held  in  place  by  steel 
dowels,  which  permit  torsional  movement  of  tb.e  parapet  (the  parapet  spans 
between  bays).  This  movement  will  be  minimal.  However,  the  movement  must 
be  allowed  for  in  the  cietailing  of  the  waterproofing.  In  this  case,  the 
slope  of  the  concrete  is  away  from  the  parapet.  The  joint  is  designed  so 
that  water  will  pass  freely  over  it  and  onto  the  main  roof  area. 

The  life-cycle  economy  of  this  detail  must  be  evaluated  on  an 
individual  basis.  In  many  clim.ates,  especially  mild  climates,  the  energy 
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FIGURE  46 

Backwall  Drainage  at  Earth-Covered  Roof 

savinga  attributable  to  the  thermal  break  eonatruction  will  not  juatify  the 
additional  coat. 

Back  Wall  Drainage  at  Earth-Covered  Roof.  Refer  to  Figure  46. 

Thia  condition  occura  at  the  back  wall  of  a  atructure  which  is  located  below 
a  waterahed.  A  drainage  awale  ahould  be  provided  at  the  base  of  the  alope 
*jj**'**^  water  ia  carried  away  from  the  building.  However,  in 

addition  to  thia,  a  clay  base  may  be  used  below  the  soil  layers  to  provide 
additional  protection.  This  construction  will  tend  to  increase  the  total 
thickness  of  the  soil  and  drainage  layers  required  for  the  roof 
construction.  This  particular  detail  represents  a  condition  where  the 
concrete  IS  sloping  to  the  roof  edge  and  the  water  draining  over  the  edge. 
This  method  of  drainage  increases  the  vulnerability  of  the  roof  edge.  To 
COTpenaate  for  this,  the  polyethylene  sheet,  which  was  installed  directly 
above  the  ^ntonite  waterproofing,  is  extended  out  beyond  the  roof  edge  and 
do^ward,  leaving  a  small  tuck  in  the  polyethylene  to  allow  for  potential 
settlement  of  the  backfill.  The  polyethylene  is  then  formed  into  a  gutter. 
The  perforated  dram  and  the  gutter  should  be  below  the  level  of  the  roof. 

An  additional  perforated  drain  will  be  warranted  in  many  instances  near  the 
fating.  The  advantage  of  the  upper  system  of  drainage  is  that  it  reduces 
the  amount  of  water  washing  down  the  exterior  wall.  This  may  also  be 
beneficial  frw  an  energy  efficiency  point  of  view  in  that  the  soil  adjacent 
to  the  wall  will  be  less  saturated  and  therefore  will  have  a  lower 
CMductance.  If  a  layer  of  polyethylene  sheet  is  used  over  the  insulation, 
this  too  can  be  extended  out  to  help  the  water  move  away  from  the  vertical 

WAX  X  • 

,  Sill  at  Berm.  Refer  to  Figure  47.  This  detail  illustrates 

a  wall  that  is  bermed  to  within  1  foot  (300  mm)  of  a  window  sill.  The 
aesthetic  requirements  called  for  exposed  concrete  on  the  exterior  below  the 
window.  To  meet  this  requirement  and  to  continue  the  waterproofing  to  the 
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FIGURE  47 

Window  Sill  at  Berm 
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FIGURE  48 

Edge  of  Conventional  Roof  at  Berm 


underside  of  the  window  sill,  a  notch  is  formed  in  the  concrete  wall.  The 
waterproofing  is  adhered  to  the  concrete  following  this  notch.  A 
cast-on-site  concrete  panel  to  match  the  concrete  on  the  remainder  of  the 
building  is  grouted  in  place  with  a  pin  anchor  located  at  the  top.  The 
building  insulation  is  located  on  the  interior  side  of  the  structure  in  this 
case. 


a*  Edge  of  Conventional  Roof  at  Berm.  Refer  to  Figure  48.  With  the 
type  of  structure  shown  in  the  detail,  it  is  possible  to  achieve  fairly 
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FIGURE  49 

Juncture  of  Retaining  Wall  and  Exposed  Concrete  Wall  (Shown  in  Plan) 


uninterrupted  insulation  envelope  that  is  also  cost  effective.  This  is  done 
by  ensuring  that  the  apace  between  the  joist  bearing  plate  and  the  netal 
deck  is  filled  with  an  adequate  amount  of  insulation.  If  the  insulation 
shown  on  the  interior  of  the  structural  wall  were  continued  down  to  the 
floor,  this  approach  would  be  disadvantageous  in  terns  of  benefiting  from 
thermal  mass.  To  place  the  insulation  on  the  exterior  of  the  structural 
wall  and  still  maintain  an  adequate  degree  of  continuity  in  the  insulation, 
the  insulation  sho%m  on  the  interior  wall  may  be  continued  down  to  the  level 
of  the  finished  ceiling.  This  will  allow  insulation  to  be  placed  on  the 
exterior  of  the  wall  overlapping  the  interior  insulation  by  as  much  as  4  to 
S  feet  (122C  mn  to  1325  mm).  The  interior  vapor  barrier  should  not  be 
omitted,  however,  depending  on  the  humidity  conditions  and  soil 
temperatures.  The  roof  of  the  structure  shown  in  the  detail  is  designed  as 
a  conventional  roof  (in  this  case,  a  loose-laid,  single-ply  membrane  with 
ballast  is  used).  The  membrane  waterproofing  which  is  adhered  to  the 
concrete  wall  is  terminated  in  a  reglet  as  high  as  possible  without  being 
exposed  above  grade.  If  bentonite  waterproofing  is  used  on  the  wall,  the 
top  of  the  waterproofing  should  be  flashed  (see  Figure  43). 

o.  Juncture  of  Retaining  Wall  and  Exposed  Concrete  Wall  (Shown  in 
Plan) .  Refer  to  Figure  49.  This  detail  (in  plan  view)  shows  a  building 
wall  with  an  abutting  retaining  wall.  The  aesthetic  requirements  for  the 
exterior  finish  of  the  building,  in  this  case,  called  for  exposed  concrete. 
At  typical  above-grade  conditions,  this  building  must  have  insulation 
located  on  the  interior  side  of  the  concrete  wall.  The  type  of  insulation 
and  its  protection  must  conform  to  the  requirements  of  NAVFAC  DM-8.  The 
same  type  of  insulation  and  interior  finish  is  used  along  the  inside  of  the 
structural  wall  in  the  condition  depicted  in  the.  detail.  However,  the 
interior  insulation  (but  not  necessarily  the  vapor  barrier)  may  be 
terminated  once  a  sufficient  overlap  length  (about  3  feet  (900  mm))  with  the 
exterior  insulation  is  developed. 
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FIGURE  50 

Juncture  of  Retaining  Wall  and  Masonry  Cavity  Wall  (Shovm  in  Plan) 


In  terns  of  waterproofing,  bentonite  is  the  primary  waterproofing 
system  for  the  building.  At  this  condition,  however,  membrane  waterproofing 
must  be  Introduced  at  the  joint  where  movement  Is  expected  to  occur.  This 
detail  Is  similar  to  the  conditions  shown  In  Figure  41.  In  this  case,  the 
waterproofing  Is  extended  onto  the  retaining  wall  for  a  distance  of  3  to  4 
feet  (915  mm  to  1220  mm).  Rather  than  tying  the  retaining  wall  to  the 
building  structure  with  steel  dowels,  the  retaining  wall  Is  free-standing 
and  Is  designed  to  withstand  the  earth  and  possible  l:7drostatlc  pressures 
without  assistance  at  the  end  conditions.  Consequently,  movement  can  be 
anticipated  at  the  joint  between  the  building  and  retaining  wall.  The  joint 
must  therefore  be  sized  and  sealed  with  elastomeric  sealant  of  sufficient 
width  to  accommodate  this  movement.  The  backfill  shown  In  the  detail  Is 
undifferentiated.  However,  the  fill  against  the  retaining  wall  should  be 
gravel  to  provide  drainage  of  water  and  therefore,  relief  from  potential 
hydrostatic  pressure.  The  gravel  should  be  drained  at  the  bottom  of  the 
retaining  wall  with  plastic  pipes  sloping  to  the  exterior  side  of  the  wall. 
Because  the  waterproofing  of  the  building  also  depends  on  the  waterproofing 
of  this  portion  of  the  retaining  wall,  this  portion  of  the  retaining  wall 
must  be  treated  as  If  It  were  a  building.  The  slope  of  the  finished  grade 
must  slope  away  from  the  retaining  wall  as  well  as  from  the  building.  If 
water  Is  allowed  to  flow  towards  the  retaining  vail,  for  all  practical 
purposes.  It  Is  also  flowing  towards  the  building. 


p.  Juncture  of  Retaining  Wall  and  Masonry  Cavity  Wall  (Shown  in 
Plan).  Refer  to  Figure  50.  This  detail  Illustrates  the  same  situation  as 
the  pre^ous  detail.  However,  In  this  case,  the  architectural  requirement 
for  the  exterior  finish  of  the  building  Is  face  brick.  On  the  right  hand 
side  of  the  retaining  wall  a  cavity  wall  situation  exists.  It  Is  Important 
that  the  retaining  wall  overlap  the  face  brick  rather  than  the  face  brick 
overlapping  the  retaining  wall.  Otherwise,  the  movement  of  the  retaining 
wall,  which  will  certainly  occur,  will  tend  to  shear  off  the  face  brick. 
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FIGURE  51 

Thermal  Break  and  Waterproofing  at  Retaining  Wall  (Shown  in  Plan) 


Continuity  of  the  insulation  for  the  building  is  maintained  by  inserting  a 
compressible  closed-cell  polyethylene  insulation  in  the  space  between  the 
retaining  wall  and  the  building. 

q.  Thermal  Break  and  Waterproofing  at  Retaining  Wall  (Shown  in  Plan). 
Refer  to  Figure  51.  At  above-grade  locations,  the  exterior  material  used  on 
this  building  is  burnished  concrete  block.  This  is  used  in  a  cavity  wall 
system  with  concrete  block  as  a  back-up.  Concrete  block  is  also  used  for 
below-grade  conditions.  The  condition  shown  in  the  detail  occurs  at  a 
corner  of  the  building  with  the  retaining  wall  parallel  to  the  end  wall. 

The  finish  material  that  occurs  above  and  below  the  window  is  burnished 
concrete  block,  also  utilizing  a  cavity  wall  system.  The  insulation  shown 
adjacent  to  the  window  jamb  is  aligned  with  the  insulation  that  occurs  above 
and  below  the  window  (this  is  the  standard  location  for  the  insulation  in 
this  building  relative  to  the  face  of  the  exterior  wall).  The  location  of 
the  building  insulation,  due  to  the  choice  of  a  cavity  wall  system,  easily 
facilitates  maintaining  the  continuity  of  the  insulation  envelope.  As  in 
the  previous  details,  the  waterproofing  is  applied  to  the  portion  of  the 
retaining  wall  adjacent  to  the  building.  Again,  the  joint  between  the 
retaining  wall  and  the  building  is  treated  as  an  expansion  joint.  Refer  to 
the  commentary  for  Figure  41  for  a  description  of  the  waterproofing  at  this 
joint , 


r.  Foundation  Near  Water  Table.  Refer  to  Figure  52.  This  condition 
occurs  where  there  is  no  hydrostatic  head.  To  allow  for  the  possibility  of 
e.  higher  water  table,  foundation  drainage  is  incorporated  into  the  design. 
Drainage  tile  is  located  at  the  outside  of  the  footing  as  well  as  at 
calculated  intervals  below  the  basement  slab.  Plastic  pipes  are  cast  into 
the  footing  to  transfer  water  from  the  interior  side  of  the  footing  to  the 
drainage  pipe  on  the  exterior  side.  The  dashed  line  in  the  detail  indicates 
the  draw-down  profile  of  the  water  table.  To  assist  drainage  of  water  at 
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FIGURE  52 

Foundation  Near  Water  Table 


FIGURE  53 

Foundation  Below  Water  Table 
(Hydrostatic  Pressure  Relieved  in  Drainage) 


the  exterior  wall,  a  drainage  mat  with  a  filter  fabric  is  installed  to  carry 
water  to  the  drainage  tile  at  the  footing.  To  maintain  the  thermal 
efficiency  of  the  insulation,  a  layer  of  polyethylene  sheet  (with  overlapped 
and  sealed  edges)  is  placed  over  the  insulation.  This  also  terminates  at 
the  drainage  tile  at  the  footing. 

s.  Foundation  Below  Water  Table — Hydrostatic  Pressure  Relieved  by 
Drainage) .  Refer  to  Figure  53.  This  condition  occurs  below  a  water  table. 
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ConaequenCly ,  the  structure  must  either  be  designed  for  buoyancy  and  slab 
uplift  or  the  hydrostatic  pressure  must  be  relieved  by  drainage  and 
pumping.  In  this  case,  drainage  is  provided.  This  has  the  advantage  of 
reducing  the  structural  cost.  A  blowout  panel  must  be  provided  in  the 
structure  in  order  to  eliminate  serious  structural  damage  to  the  building  in 
the  event  that  the  drainage  system  fails.  Backup  sump  pumps  are  essential 
in  this  case.  The  dashed  line  in  the  detail  illustrates  the  level  of  the 
drawn-down  water  table.  The  drainage  tiles  must  be  spaced  closer  together 
than  in  the  previous  detail.  To  allow  for  the  possibility  that  the  position 
of  the  drawn-down  water  table  will  not  be  at  the  location  indicated,  but 
might  be  slightly  higher,  the  entire  structure  including  the  underside  of 
the  footing  and  the  floor  slab  is  waterproofed.  The  waterproofing  shown  is 
a  membrane  waterproofing.  A  mud  slab  is  required  below  the  footing  and  the 
floor  slab  for  the  application  of  the  membrane  waterproofing  at  these 
locations.  The  membrane  waterproofing  must  be  protected  against  damage 
during  the  placement  of  steel  and  concrete  for  the  footing  and  floor  slab. 

In  this  case,  protection  board  is  shown.  Often  the  type  of  construction 
will  be  such  that  an  additional  protection  layer  of  concrete  will  be 
required,  however.  Chemical  waterstops  are  an  integral  part  of  this 
system.  Chemical  waterstops  should  be  provided  at  critical  joints  in  the 
structure,  such  as  between  the  wall  and  the  footing  and  between  the  floor 
slab  and  the  footing.  Chemical  waterstops  should  also  be  used  at  regular 
intervals  to  help  confine  the  leak,  should  the  waterproof  membrane  fail. 

This  facilitates  locating  the  leak  and  thus  reduces  repair  costs.  Note 
that,  because  the  membrane  waterproofing  is  applied  to  the  mud  slab  rather 
than  to  the  footing  or  the  floor  slab  directly  (this  would  not  be  possible), 
a  path  for  water  migration  will  exist  between  the  structure  and  the  membrane 
waterproofing.  Consequently,  the  chemical  waterstops  which  are  located  in 
the  floor  slab  will  not  help  localize  a  leak  without  also  providing  a  grid 
of  chemical  waterstops  in  the  joints  between  the  protection  board. 

Bentonite  waterproofing  has  a  slight  advantage  over  membrane  waterproofing 
in  this  regard.  The  protection  board  will  also  be  required  for  the 
bentonite  waterproofing.  However,  no  additional  chemical  waterstops  will  be 
required  in  the  protection  layer.  Once  the  concrete  is  poured,  it  will  tend 
to  fill  the  gaps  between  the  protection  board  and  terminate  at  the  bentonite 
waterproofing  at  the  bottom  of  the  gap.  Thus  the  bentonite  waterproofing 
will  be  in  contact  with  the  concrete  in  a  regular  grid  as  defined  by  the 
layout  of  the  protection  board.  The  following  detail  also  uses  this 
waterproofing  system. 

t.  Foundation  Below  Water  Table— Structure  Deslj^ned  to  Withstand 
Hydrostatic  Pressure.  Re^er  to  Figure  54.  This  condition,  which  occurs 
below  the  water  table,  utilizes  the  excavation  shoring  for  one-half  of  the 
formwork  for  the  wall.  This  condition  occurs  infrequently.  However,  when 
land  area  must  be  maximized  and  there  is  no  room  (in  terms  of  programmatic 
and  life-cycle  requirements)  to  set  the  building  back  from  the  shoring,  then 
this  kind  of  construction  may  be  necessary.  The  bentonite  waterproofing  is 
applied  directly  to  the  wood  lagging.  This  is  covered  with  a  fiberglass 
mesh  which,  in  a  vertical  position,  acts  as  a  rain  cover  during  construction 
and  also  provides  a  degree  of  protection  for  the  bentonite  waterproofing 
during  pouring.  The  mesh  allows  the  bentonite  to  come  into  contact  with  the 
concrete  through  the  spaces  of  the  mesh.  The  most  critical  point  in  this 
construction  is  the  juncture  between  the  waterproofing  at  the  bottom  of  the 
shoring  and  the  waterproofing  over  the  mud  slab.  The  bentonite  should  be 
thicker  in  this  area. 
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Section  16.  STRUCTURE 


1.  GENERAL.  In  terms  of  structural  engineering,  earth-sheltered  buildings 
are  not  very  different  from  basetnenta  of  large  buildings  or  conventional 
retaining  structures.  Criteria  for  structural  engineering,  soil  mechanics, 
and  foundation  engineering  are  covered  elsewhere  in  the  NAVFAC  DM  series 
(see  Related  Criteria  in  Section  1). 

The  primary  difference  between  an  earth-sheltered  building  and  a 
conventional  building  in  terms  of  structure  is  the  much  higher  static  loads 
present  in  most  cases  on  the  exterior  structural  surfaces  of  an 
earth-sheltered  building.  These  heavier  loads  tend  to  limit  the  types  of 
structural  systems  which  can  be  used  for  below-grade  structures.  Internal 
bracing  of  the  building  to  transfer  horizontal  forces  and  resist  unequal 
earth  pressures  becomes  important  and,  when  roofs  are  earth-covered, 
vertical  supporting  elements  within  the  structure  and  foundation  will  also 
carry  suu<.<tantially  increased  loads.  It  is  thus  important  that  the  overall 
design  of  the  building  (smaller  bay  sizes,  for  example)  allow  for  an 
economical  structural  system. 

2.  DESIGN  LOADS.  Soil  loads  are  normally  considered  dead  loads.  However 
the  effects  of  possible  later  partial  excavation  of  the  earth  on  the  roof  or 
adjacent  to  the  walls  of  an  earth-sheltered  building  must  be  considered  in 
design.  If  the  structural  design  depends  on  balanced  la|:eral  earth 
pressures  at  opposite  walls  of  the  structure,  unequal  excavation  or 
backfilling  may  cause  structural  movement  or  damage.  The  likelihood  of 
maintaining  a  permanent  soil  load  must  be  considered  in  designing  an 
earth-sheltered  building,  particularly  if  it  is  a  post-tensioned  structure 
with  final  tensioning  designed  to  balance  earth  loads,  j 

i 

a.  Roof  Loads.  The  most  dominant  roof  load  is  the’ presence  of  soil  on 
the  roof.  Noraal  soils  can  vary  in  weight  from  90  Ibs/ft^  (1442  kg/m^) 
to  135  Ibs/ft^  (10  500  kg/m^).  It  is  possible  to  designj lighter  soil 
mixes  by  including  a  lightweight  filler  material,  but,  tpis  may  be 
detrimental  to  plant  growth.  A  fully  saturated  soil  mayj  weigh  more  than  135 
Ibs/ft^  (10  500  kg/m^}  .  If  the  roof  is  well  drained,  hojwever,  the  water 
loading  can  be  considered  a  live-load  condition.  The  soil  density  most 
commonly  assumed  in  design  is  120  Ibs/ft^  (9350  kg/m^).  !  See  Section  8, 
Planting  and  Irrigation  Design,  for  planting  and  soil  loads. 

i 

Live-load  allowances  for  earth-covered  roofs  usually  range  from  50 
to  100  Ibs/ft^  (about  10  to  20  kg/m^).  The  actual  value  will  depend  on 
snow  load,  any  vehicular  traffic,  and  whether  allowance  must  be  made  for 
rain-saturated  soil.  When  heavy  snow  is  typical  and  extensive  drifting  of 
snow  on  the  roof  can  occur  or  when  large  vehicles  can  drive  onto  the  roof, 
the  design  must  allow  for  these  possibilities.  Minimum  must  be  in 
accordance  with  NAVFAC  DM-2.2,  Structural  Engineering,  Loads,  Section  3. 

b.  Wall  Loads.  Walls  in  an  earth-sheltered  structure  must  resist 
lateral  earth  pressures  if  they  are  placed  against  the  earth;  if  they  are 
exposed,  they  must  resist  wind  loads.  The  walls  also  act  as  components  of 
the  structure,  transferring  forces  from  the  roof  and  other  walls  to  the 
foundation. 
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Lateral  soil  pressures  will  vary  considerably,  depending  on  whether 
the  wall  is  able  to  deflect  away  from  the  load  (active  pressure),  is  held 
rigid  (at-rest  pressure),  or  is  actually  forced  towards  the  soil  (passive 
pressure).  Although  the  actual  soil  pressure  conditions  are  greatly 
affected  by  backfilling  procedures  and  building  geometry,  at-rest  pressures 
should  generally  be  used  in  the  design  of  a  fairly  rigid  structure  such  as  a 
concrete  wall,  roof  and  floor  system;  active  pressures  can  be  used  for 
external  cantilever  retaining  walls. 

When  the  lateral  pressure  exerted  by  a  backfill  material  is  used  in 
design,  it  is  important  that  other  soil  materials  that  would  exert  a  higher 
pressure  on  the  wall  be  placed  outside  the  zone  in  which  they  could 
influence  the  wall.  A  rule  of  thumb  is  to  assume  that  this  zone  lies  within 
a  line  drawn  at  30  degrees  from  the  vertical,  extending  out  from  the  base  of 
the  wall. 

Other  loads  that  must  be  considered  in  wall  design  are: 

(1)  Saturated  Soil  Conditions.  Water  pressure  can  add 
significantly  to  the  wall  loads.  A  granular  backfill,  which  provides  good 
drainage  in  addition  to  lowering  normal  lateral  pressures,  is  generally  used 
for  backfill  whenever  it  is  available.  When  gravel  backfills  and  drainage 
tile  are  used,  the  wall  is  normally  designed  for  unsaturated  conditions. 

(2)  Swelling  Pressure/Frost  Pressure.  These  pressures  must  be 
considered  in  design  whenever  soil  conditions  are  potentially  hazardous. 

(3)  Sui charge  Loads/Live  Loads.  The  vertical  pressure  from  a 
surcharge  load  adjacent  to  a  retaining  wall  causes  a  corresponding  increase 
in  the  horizontal  pressure  on  the  wall.  If  any  live  loads  are  considered  in 
retaining  wall  design,  they  are  usually  treated  as  a  surcharge  load.  A 
major  live-load  item  will  be  the  surcharge  load  from  any  heavy  vehicle  that 
may  be  driven  on  the  surface  adjacent  to  the  top  of  the  retaining  wall. 
Firefighting  equipment  access  should  be  considered  in  calculating  these 
loads. 
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(4)  Backfilling  Pressures.  Overcompaction  of  backfill  as  a  result 
of  using  heavy  equipment  can  place  a  higher  load  on  a  retaining  wall  than 
the  wall  might  have  to  withstand  in  the  course  of  normal  service. 

Backfilling  procedures  should  be  specified  to  avoid  this  problem.  Refer  to 
DM-7  Series  for  criteria. 
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c.  Seismic  Loads.  Seismic  loads  for  buried  structures  are  generally 
less  severe  than  for  conventional  structures.  Below-grade  tanks  or  pipes  of 
moderate  size  generally  do  not  require  special  seismic  design  considerations 
if  applicable  non-seismic  design  criteria  are  satisfied.  Tanks,  tunnels,  or 
pipes  of  critical  importance  or  with  large  cross  sections  will  require 
special  considerations  for  seismic  design.  Issues  of  particular  concern  for 
earth-sheltered  buildings  include:  (a)  inertial  forces  of  a  heavy 
earth-covered  roof  with  respect  to  its  attachment  to  the  walls  of  the 
structure  (This  is  very  important  when  the  roof  element  is  not  confined  by 
surrounding  earth  on  all  four  sides  of  the  building.);  and  (b)  relative 
movement  or  settlement  of  the  building  foundation.  Buried  structures  are 
usually  relatively  rigid  and  will  not  accommodate  significant  relative 
movement  without- cracking  and  structural  damage. 
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In  addition  to  the  direct  effect  of  ground  motion  on  the  building 
other  hazards  include  subsidence  and  settlement  due  to  consolidation  or 
compaction,  landslides  or  liquefaction.  Design  of  earth-sheltered 
structures  to  be  built  into  hillsides  in  seismic  zones  should  carefully 
evaluate  slope  stability  under  earthquake  conditions. 


Refer  to  the  following  sections  of  MVFAC  P-355,  Seismic  Design  .• 
Buildings,  for  specific  guidance:  Retaining  Walls — Chapter  11,  Secti.on 
Buried  Structures— Chapter  11,  Section  7;  Design  of  Foundations — Chapter  4 
Section  8;  Overturning — Chapter  4,  Section  4b;  Other  Hazards — Chapter  2, 
Section  7c  (see  Criteria  Sources). 


d.  Blast  Loads.  For  bomb-  and  blase-resistant  design,  obtain  the' 
latest  criteria  from  NAVFAC.  See  also  NAVFAC  P-397,  Structures  to  Resist 
the  Effects  of  Accidental  Sxplosions  (see  Criteria  Sources) . 


3.  CHECKLIST  OF  LOADING  CONDITIONS.  The  following  conditions  should  be 
considered  in  calculating  the  potential  toads  on  a  structure: 

o  self-weight  of  structure  and  finishes 
o  vertical  soil  loads  on  roof 
o  ground-water  pressures/uplift 
o  loads  from  landscaping  elements 

o  mechanical  equipment  on  roof  or  on  intermediate  floors 
o  rain  saturation  of  roof  and  wall  backfill 
o  snow  loads 

o  conatruction  equipment  loading  on  roof  and  adjacent  to  walls 
o  service  vehicle  access  to  roof  and  adjacent  to  walls 
o  swelling  clay  conditions 
o  frost-heave  pressures 
o  earthquake  forces 

o  irind  loads  on  exposed  portions  of  the  structure 
o  live  loads  on  interior  floor  structures 

o  soil/structure  interaction  (for  flexible  structures  such  as  thin 
shells'^ 

o  slope  stability  (for  structures  on  hillsides) 
o  required  resistance  to  blast  loads 
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Caciion  17.  MECHANICAL  AND  ELECTRICAL  SYSTEMS 

1.  AIR-H-'iHOLDIG  SYSTEMS.  The  model  building  codes  referenced  by  NAVFAC 
i:!-3. 3,  Haatir.g,  Ventllatln? ,  Air  Conditioning,  and  Dehumidifying  Systems 
state  that  ventilation  shall  be  nrovlded  either  by  natural  means  or  by  a 
Eiechanically-operatad  ventilation  system.  Because  of  the  imposed  design 
constraints  of  large  below-grade  structures,  ducted  supply,  air  and  positive 
return  air  systems  must  be  utilized  to  provide  ventilation  for  the  building. 

It  is  essential  that  the  dop.lgner  thoroughly  examine  the  overall 
energy-efficiency  ol  the  system.  The  designer  should:  (1)  seek  to  reduce  the 
resistance  to  air  flow;  (2)  reduce  air  volumes  where  possible;  (3)  minimize 
the  thermal  losses.  Energy  sa\M.ngs  are  achieved  by  reducing  air  volume  and 
resistance  to  air  flow. 

la  general,  the  design  of  ventilation  systems  for  below-grade  structures 
is  very  similar  to  that  of  above-grade  structures.  The  most  significant 
difference  in  system  design  between  above-grade  and  below-grade  buildings  ie 
the  placement  of  outside  air  louvers.  In  an  earth-sheltered  building  louvers 
will  tend  to  be  more  prominent  visually.  Further,  where  the  above-grade 
portion  of  the  building  is  concentrated  in  a  small  area,  care  must  be  taken  to 
ensure  that  the  air  intake  louvers  have  adequate  separation  from  exhaust 
louvers  and  fumes  at  vehicle  access  points. 

2.  VEirriLATION  REQUIREMEfn.'S .  Because  most  large  above-grade  buildings  are 
hermetically  sealed  and  mechanically  ventilated,  the  ventilation  requirements 
for  below-grade  and  above-grade  structures  will  be  similar.  The  requirements 
for  ventilation  quf.ntlties  are  defined  by  NAVFAC  DM-3. 3  (Chapter  4, 

Ventilation  Requirements).  Where  power  ventilation  Is  provided,  the 
ventilation  air  quantity  (including  pressurization  and  infiltration)  used  for 
calculating  heating  and  cooling  load  shall  be  established  as  the  greater  of 
the  exhaust  requirement  plus  10  percent  or  0.125  ft  /min  per  square  foot  of 
net  floor  area  (0.305  m^/min  per  square  meter),  provided  that  ventilation 
air  exclusive  of  infiltration  is  furnished  at  5.0  ft^/mln  per  person  (0.14 
m^^in).  Refer  to  ASHRAE  Standard  62-1981  (see  Reference  5)  for  minimum 
ventilation  air  requirements. 

Adequate  ventilation  is  important  to  prevent  the  buildup  of  Indoor  air 
pollutants  and  to  remove  excejs  heat  from  an  occupied  underground  space,  low 
uncontrolled  infiltration  rates  make  ventilation  particularly  important  In 
earth  sheltered  structures.  A  pollutant  of  particular  concern  Is  radon. 

Pvadon  is  a  radioactive  gas  released  in  minute  quantities  by  soil  and  rock 
materials  including  the  materials  used  in  building  construction,  such  as 
concrete  and  building  stone.  Radon  is  also  absorbed  by  ground  water  and  then 
raleased  at  a  free  ground-water  surface.  Normal  ventilation  rates  In  excess 
of  0.5  air  changes  per  hour  are  believed  to  keep  radon  levels  to  below 
permissible  standards.  In  addition,  it  is  desirable  to  prevent  the  passage  of 
ground-we'er  or  water  vapor  from  the  surrounding  ground  to  within  the  building 
envelope  since  tills  is  significant  source  of  radon. 


3,  WATER  SYSTEMS.  In  nuUiitory  buildings,  pressure  diminishes  at  upper 
stories  due  to  associated  gravitational  and  frictional  losses,  requiring 
upfeed  pumping  to  augment  the  system  pressure.  Such  losses  will  be  reduced  or 
eliminated  in  earth-sheltered  buildings  since  distribution  will  typically  be 
nearer  cr  below  the  city  main.  In  remote  areas  where  domestic  water  is  pumped 
from  ground  water  tables,  holding  tanWs  may  have  to  be  incorporated  into  the 
system  to  provide  adequate  reservoir  for  domestic  water  and  firefighting. 
Earth-sheltered  buildings  can  benefit  by  placing  tanks  on  grade. 
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4.  SANITARY  SYSTEMS.  Where  building  waste  lires  are  lower  than  the  sanitary 
sewer,  pumping  will  be  required,  necessitating  (1)  a  sump  pit  or  receptacle 
into  which  waste  may  flow  by  gravity;  and  (2)  a  sewage  ejector  (operated  t/ 
either  a  motor  driven  centrifugal  pump  or  by  compressed  air).  Sewage  and 
drainage  pumps  must  be  provided  with  two  power  sources  or  must  be  equipped 
with  dual  electric  and  diesel  drives.  Two  pumps  should  be  provided  which 
alternate  in  operation  (each  cycle).  Each  pump  should  be  sired  to  take  the 
entire  peak  flow. 

Sump  pits  can  be  located  in  the  building,  even  with  little  head  room, 
under  heavily  travelled  pavement  or  in  remote  areas.  Except  in  areas  subject 
to  prolonged  below-freecing  temperatures,  it  is  recommended  that  sewage  sumps 
be  sited  away  from  the  building  to  prevent  spillage  or  flooding  in  the  event 
of  cquij'ment  failure.  Otherwise,  sumps  must  be  of  sufficient  size  to  take 
sewage  flow  for  a  period  of  time  which  will  allow  detection  of  the  problem  and 
installation  of  portable  pumps.  Sewage  sumps  must  have  proper  ventilation  to 
the  outside.  Sutups  located  away  from  the  building  will  require  a  manhole 
installation.  Refer  to  DK~3.l,  Plumbing  Systems,  for  criteria  on  sizing  of 
sumps. 

5.  LIGHTING  SOUi^f'E.  Source  efficacy  (lumens  per  watt)  and  color  are  both 
important  considerations  in  the  selection  of  a  light  source  for 
earth-sheltered  construction.  Generally,  wherever  possible,  high  efficacy 
ao«  sees  should  be  used.  Internal  loads  due  to  lights  and  equipment  play  a 
morn  rignifkant,  and  sometimes  different,  role  in  the  heat  balance  of 
unJer;ii round  spaces.  Spaces  which  would  normally  require  heating,  often  have 
no  hcai^ing  requirements  when  earth-sheltered.  The  amount  of  usable  waste  heat 
frtvi  lights  and  equipment  is,  in  effect,  decreased.  Often  cooling  will  be 
r«quir«d  where  heating  would  hsve  been  necessary  previously.  Consequently, 
the  lighting  system  not  only  affects  the  electrical  load  in  terms  of  direct 
energy  uaege  but  also  has  a  more  significant  impact  on  the  HVAC  load  for  the 
building.  Because  of  recent  developments  in  high-intensity  discharge  sources, 
cclor-corrected  metal  halide  and  high-pressure  sodium  lamps,  the  designer  can 
utilize  the  most  energy-efficient  lamps  while  still  providing  good  color 
rendering  characteristics  in  interior  applications.  (See  NAVFAC  DM-4.4  for 
lighting  design  requirements.) 

>.  wfGHTiq;  COfTROLS.  In  single-story,  earth-sheltered  buildings,  windows 
ni'd/oi"  skylights  can  provide  effective  daylighting.  Special  care  must  be 
tj»»:vn  to  ptovide  adequate  control  of  qlare  and  excessive  luminance  ratios, 
f' e  ari.ifiC^al  lighting  system  should  to  designed  to  compensate  for  periods  of 
»eclet:-«r>t  veuther  or  night  operation.  An  analysis  should  be  done  to  determine 
t.ne  tust  s  j  .  ectiveness  of  a  photo-c<.ntrolled  dinning  system.  In 
roll  ' ;»1‘- ■tc.r  f,  earth-sheltertd  b<iildinga,  standard  skylights  are  ineffective 
.fint  thv':  second  level.  To  uCH'ia  any  natural  lighting  component  in  lower 
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levels,  the  beam  shaft  method  would  have  to  be  employed  (refer  to  Section  11, 
Natural  Lighting,  Skylights  and  Passive  Solar). 

Motorized  or  manual  blinds  and  louvers  are  other  means  of  controlling 
natural  lighting  into  the  building.  These  controls,  especially  when  combined 
with  automatic  thermal  shuttering,  tend  to  be  more  important  where  skylights 
are  used.  Skylights  make  up  for  the  loss  of  daylighting  at  the  perimeters  of 
earth-sheltered  buildings.  However,  depending  on  climate  and  orientation, 
skylights  can  be  an  energy  liability.  To  offset  this,  controls  must  be  used. 
Automated  building  systems  are  an  ideal  way  to  interface  lighting  and  solar 
gain  control  with  total  energy  control  of  the  building.  If  total  automated 
building  control  is  not  available,  a  programmable  lighting  controller  can  be 
used  in  conjunction  with  transceivers  and  contactors  to  control  the  lighting 
automatically,  according  to  the  schedule  of  the  building.  As  in  conventional 
buildings,  multiple  switching  and  other  energy-saving  control  methods  should 
be  investigated  for  their  cost  effectiveness. 

7.  PSYCHOLOGICAL  RESPONSE  TO  1  THTING.  Lighting  can  have  a  significant 
impact  on  the  human  psychological  response  to  an  environment.  The  lighting 
designer  should  work  with  the  interior  designer  during  the  color  selection 
process  so  that  adequate  lighting  levels  and  luminance  patterns  on  the  room 
surfaces  can  be  achieved.  Lighting  systems  that  provide  nearly  100  percent 
direct  illumination  and  very  little  intensity  at  angles  above  50  percent  such 
as  downlights,  louvers,  deep  cell  parabolics,  and  refractive  lenses  help 
control  direct  glare  and  increase  visual  comfort  probability.  But  these 
fixtures  tend  to  bring  the  ceiling  down  perceptually,  since  they  appear  dark 
when  looking  across  the  ceiling  and  do  not  give  high  luminance  patterns  on  the 
ceiling. 

Source  color  is  also  very  important  to  psychological  response.  Sources 
rich  in  the  red  tones,  such  as  incandescent  and  high-pressure  sodium,  help  to 
make  the  space  feel  more  intimate  and  relaxed.  Some  studies  have  show.',  that 
this  feeling  increases  productivity  and  employee  comfort.  However,  in 
earth-sheltered  buildings,  the  use  of  sources  rich  in  the  warm  tones 
(especially  when  used  with  dark-colored  surface  finishes)  tends  to  reinforce 
the  underground  associations  of  the  space.  A  whiter  source,  richer  in  the 
cooler  tones,  increases  perception  of  the  openness  and  lightness  of  the  room 
by  visually  causing  the  walls  and  ceiling  to  recede. 

8.  EMERGENCY  LIGHTING.  The  emergency  lighting  system  for  an  earth-sheltered 
building  must  conform  to  the  requirements  set  forth  in  the  Life  Safety  Code. 
Where  there  is  no  natural  lighting,  adequate  egress  lighting  is  critical  in 
preventing  panic,  especially  in  multiple-story  earth-sheltered  buildings. 

9.  ELECTRICAL  COOLING  ENERGY  AND  FAN  ENERGY.  The  electrical  load  for  cooling 
will  normally  be  lower  for  earth-sheltered  buildings.  Refer  to  Section  18, 
Energy  Calculations,  for  HVAC  requirements  calculations.  For  the  purpose  of 
life-cycle  costing  electrical  fan  energy  can  be  considered  to  be  the  same  for 
comparable  conventional  and  earth-sheltered  buildings. 

10.  TRANSFORMER  LOCATION.  Transformer  location  is  dependent  upon  the  building 
type  and  the  landscape  design.  Consideration  must  be  given  to  the  standard 
advantages  and  disadvantages  of  outdoor  and  indoor  locations,  including 
construction  cost,  maintenance,  security,  noise,  and  visual  appearance. 
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Frequently,  an  exterior  location  will  be  mure  visually  prominent,  especially 
if  the  building  Is  substantially  buried.  On  the  other  hand.  If  the 
transformer  Is  located  within  the  building,  provision  of  louvers  for 
ventilation  will  restrict  the  extent  of  earth-contact.  Also,  an  Indoor 
location  will  be  more  expensive.  Refer  to  NEC  Code  1981,  Article  450-2  for 
additional  location  requirements. 

If  the  equipment  room  Is  on  a  below-grade  lower  level  In  a  multistory 
building,  there  may  be  additional  costs  for  primary  cable  and  ventilation.  If 
equipment  space  is  made  available  on  an  upper  level,  vibration,  and  noise  may 
be  a  problem.  Flexible  conduit  connections  and  vibration-dampening  mounting 
methode  may  be  necessary. 

11.  SERVICE  LOCATION.  If  an  earth-sheltered  building  Is  fed  by  means  of  a 
unit  substation  located  outdoors,  the  advantages  and  disadvantages  will  be 
similar  to  those  of  the  transformer  location  outdoors.  If  the  service 
entrance  equipment.  Is  located  Indoors,  as  it  Is  In  most  commercial  buildings, 
special  consideration  must  be  given  to  the  length  of  the  secondary  conductors, 
especially  In  multi-story,  earth-sheltered  buildings.  For  a  deep 
earth-sheltered  building.  If  the  service  entrance  equipment  Is  located  on  a 
lower  level,  additional  cost  may  be  incurred  for  running  the  secondary 
conducto-s  down  the  entire  depth  of  the  building  and  then  distributing  upward 
as  opposed  to  locating  the  service  entrance  equipment  at  near  ground  level  and 
distributing  In  only  one  direction.  In  addition,  the  service  disconnecting 
means,  or  service  switch,  must  be  accessible  to  firefighters.  For  additional 
criteria  on  service  entrance  equipment  selection  and  transformer  selection, 
refer  to  NAVFAC  DM-4. 2,  Electrical  Power  Distribution  Systems. 

Power  must  be  taken  off  ahead  of  the  service  disconnecting  means  If  waste 
fire  water  pumps  are  required.  (See  Section  12,  paragraph  6,  Drainage.) 

12.  QlQtGENCY  FOUQl.  An  emergency  power  system— whether  It  Is  a  second  means 
of  utilization  voltage,  emergency  generators,  or  an  Uninterruptible  Power 
Supply  (UPS)  system.  Is  normally  dependent  on  the  building  occupancy  and  the 
nature  of  the  work  being  done  In  the  building.  Earth-sheltered  buildings  tend 
to  have  more  requirements  for  emergency  power  than  conventional  buildings. 

The  most  typical  of  these  are  emergency  power  for  sump  pumps  and  fire 
protection  systems.  For  design  criteria,  refer  to  NAVFAC  DM-4. 4,  Electrical 
Utilization  Systems. 

a.  Auxiliary  Power  Source.  If  the  choice  Is  made  to  utilize  an 
auxiliary  method  of  feeding  the  service  entrance  switchgear,  such  as  a 
utility-supplied  power  source  or  Navy-generated  power  source,  there  would  be 
very  little  difference  between  the  eirth-sheltered  building  requirements  and 
the  conventional  building  requirements.  Additional  costs  may  be  Incurred 
depending  on  the  location  of  the  transformer  and  service  entrance  equipment  as 
discussed  above  In  Section  3.  2. 

b.  Emergency  Generators.  The  considerations  for  the  location  of  the 
emergency  generator  are  similar  to  those  for  the  high-voltage  transformer.  If 
the  emergency  generator  Is  located  on  the  roof  of  the  building,  there  may  be 
additional  structural  requirements  due  to  the  weight  and  vibration  of  the 
generator.  If  the  generator  Is  to  be  located  Indoors,  close  proximity  to  the 
switchgear  reduces  the  chance  of  voltage  drop.  Provisions  for  combustion  air. 
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adequate  ventilation,  and  exhaust  from  the  generator,  will  tend  to  conflict 
with  maximizing  the  extent  of  earth-contact,  however. 

c.  Uninterruptible  Power  Supply.  For  requirements  of  UPS  systems  and 
critical  loads,  refer  to  NAVFAC  D^4.4,  Electrical  Utilization  Systems,  NAVFAC 
DM-4.1,  Preliminary  Design  Considerations,  and  the  National  Electrical  Code, 
NFPA  70,  Article  701,  (see  Criteria  Sources).  The  UPS  system  will  normally  be 
located  indoors,  adjacent  to  equipment  that  must  be  supplied  with 
uninterruptible  power.  Special  provisions  may  be  needed  for  the  structural 
rupport  of  the  batteries  unless  the  UPS  system  is  located  on  the  lower  level. 
However,  in  a  deep  underground  location,  costs  will  tend  to  be  higher  for 
ventilation  of  the  batteries.  Refer  to  DM-4.1  for  "Legally  Required  Standby 
Systems." 

13.  FIRE  ALARM.  Early  fire  detection  warning  systems  are  critical  in  most 
earth-sheltered  buildings  due  to  their  limited  means  of  egress.  For 
requirement  criteria,  refer  to  NAVFAC  DM-8,  Fire  Protection  Engineering. 

14.  COMMUNICATIONS.  Refer  to  NAVFAC  Dh-4.7  for  criteria  and  design  methods 

for  telephone  and  wired  communication  systems.  Service  entrances  for 
telephone  and  communications  will  tend  to  be  most  economical  if  located  on  a 
floor  closest  to  gralde  (noise  and  vibration  will  not  be  e  concern  in  this 
case).  ! 


Section  18.  ENERGY  CALCULATIONS 

1.  GENERAL.  This  section  presents  an  overview  of  heat  transfer  principles 
as  they  relate  to  earth-sheltered  buildings.  Heat  flux  data  is  included 
here  and  in  Appendix  A  to  aid  the  system  designer  in  sizing  mechanical 
systems  and  computing  the  total  annual  space  conditioning  requirem-mts  of 
earth-sheltered  buildings.  Sample  load  calculation  procedures  are  presented. 

2.  OVERVIEW  OF  HEAT  TRANSFER  PRINCIPLES  IN  BELOW-CRADE  STRUCTURES.  Heat 
transfer  processes  within  the  ground  are  extremely  complex  for  the  following 
reasons:  (1)  thermal  conductivity  cf  the  soil  is  not  easily  established 
with  precision,  (2)  thermal  inertia  of  the  earth  tends  to  delay  and  dampen 
change  in  outdoor  weather  conditions,  (3)  heat  flow  through  be low-grade 
walls  does  hot  occur  between  parallel  planes  as  in  above-grade  walls,  but 
involves  thermal  movement  in  a  three-dimensional  environment,  and  (4) 
moisture  migration  through  the  soil  is  difficult  to  quantify.  These 
interrelated  factors  make  a  precise  solution  difficult.  However,  all  of 
these  must  be  considered  to  obtain  reasonably  accurate  heat  transfer 
predictions. 

a.  Thermal  Conductivity  of  Soils.  Conductivity  values  for  soils  range 
from  about  0.30  to  1.30  Btu/h  ft  °F  (6.52  to  2.25  W/m  *0  depending  on 
factors  such  as  soil  type,  density,  and  moisture  content.  Fine-grained 
soils  such  as  clay  tend  to  have  lower  values  than  granular  materials. 
Increasing  the  moisture  content  will  increase  the  conductivity.  In  general, 
the  soil  surrounding  an  earth-sheltered  building  will  tend  to  have 
conductivities  between  0.70  and  0.90  Btu/h  ft  *F  (1.21  and  1.56  W/m  *C). 

Refer  to  Appendix  0  for  a  listing  of  soil  thermal  conductivity  factors  for 
various  soil  types  and  moisture  contents. 

New,  simplified  methods  are  being  developed  for  determining  on-site 
thermal  conductivity  of  soils  by  use  of  "Conductivity  Probes.”  See 
Reference  12,  "The  Measurement  of  Apparent  Thermal  Conductivity  of  Soils  in 
the  Field  and  Laboratory  Using  Thermal  Conductivity  Probes,"  by  the 
Department  of  Energy. 
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h.  Temperature  Regime  Around  An  Underground  Structure.  In  the  simple 
condition  of  steady-state  heat  flow  between  two  parallel  surfaces  at 
different  temperatures  (as  for  a  wall  above  grade)  the  paths  of  heat  flow 
are  parallel  lines  at  right  angles  to  the  surfaces.  When  the  two  surfaces 
are  not  parallel  but  at  an  angle  to  one  another  (as  for  a  below-grade  wall) 
the  paths  of  heat  flow  are  curvilinear.  Heat  flow  from  below-grade  surfaces 
is  three  dimensional  in  nature,  especially  at  building  corners.  However, 
the  heat  flow  can  be  represented  with  reasonable  accuracy  in  two  dimensions 
when  the  surface  in  question  is  substantially  removed  from  the  corners  of 
the  building. 

The  two-dimensional  heat  loss  around  an  uninsulated  basement  in 
Minneapolis  for  typical  February  and  August  conditions  is  illustrated  in 
Figures  55  and  56.  Heat  flow  is  perpendicular  to  the  isotherms.  Heat  loss 
in  February  is  greatest  near  the  ground  surface  where  the  isotherms  are 
closely  spaced. 
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Isotherm  Distribution  Around  an 
Uninsulated  Underground  Building  for 
Typical  February  Conditions  in 
Minneapolis 


Isotherm  Distribution  Around  an 
Uninsulated  Underground  Building  for 
Typical  August  Conditions  in 
Minneapolis 


c.  Simplified  Heat  Conduction  for  Undisturbed  Earth.  The  earth 
temperature  oscillation  near  the  surface  varies  cyclically  with  the  annual 
weather  cycle.  The  variation  is  almost  sinusoidal  and  is  reflected  below 
grade  by  an  amplitude  that  decreases  with  increasing  soil  depth  until  at 
about  30  to  50  feet  (9  to  IS  m) ,  the  temperature  remains  essentially 
constant  throughout  the  year  at  a  value  called  the  annual  average  earth 
temperature. 

Usually  the  mathematical  treatment  of  earth  temperatures  for 
undisturbed  earth  starts  with  the  assumptions  that:  (1)  the  earth  is  a 
homogeneous  heat-conducting  medium  of  a  semi-infinite  solid  system,  that  is, 
the  thermal  diffcsivity  is  constant  throughout  the  temperature  domain;  (2) 
the  temperature  of  the  surface  exposed  to  the  atmosphere  varies  periodically 
with  time.  For  methods  or  predicting  ground  temperatures  for  undisturbed 
soils,  refer  to  "Regional  Analysis  of  Ground  and  Above-Ground  Climate,"  in 
Underground  Space,  by  Kenneth  Labs  (see  Reference  1). 

Because  of  the  thermal  diffusivity,  subsoil  temperature  variations 
lag  more  and  more  in  time  behind  surface  temperature  as  depth  increases.  At 
depths  of  10  to  15  feet  (3  to  5  m) ,  this  time  lag  is  measured  in  mouths. 
Figure  57,  which  illustrates  this  time  lag,  is  a  plot  of  temperature  values 
versus  depth  for  various  times  of  year  in  Ottawa,  Canada.  The  coldest 
ground  teoq)erature  at  the  6  foot  (2m)  depth  occurs  in  April — a  thermal  lag 
of  approximately  2  months  from  the  coldest  air  temperature.  The  soil 
temperature  lag  in  effect  shifts  the  cold  temperature  pulses  of  the  winter 
into  the  summer  months  where  cooling  benefits  can  be  derived.  The  same 
principle  also  applies  to  the  heating  season;  warm  temperature  pulses 
received  from  the  previous  summer  months  help  moderate  the  buildings  thermal 
environment. 
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Data  takan  trom  May  19Q4  to  1999  un<jar  natural  arxfaca  cover  at  Ottawa.  Ontario 


FIGURE  57 

Monthly  Average  Ground  Temperatures  (Ottawa,  Ontario) 


3,  CALCULATION  PROCEDURES.  Several  limitations  are  inherent  in  hand 
calculation  procedures.  These  are  discussed  in  the  following  subsections. 

A  transient,  two-dimensional  finite-difference  computer  program  for 
predicting  heat  flow  in  below-grade  structures  is  also  presented. 

«•  Existing  Earth-Contact  Methods.  The  1981  ASHRAE  Handbook  of 
Fundamentals,  referenced  by  NAVFAC  DM-3.3,  Heating,  Ventilating,  'Air- 
<l^onditioning  and  Dehumidifying  Systems  (see  Reference  13,  ASHRAE  Handbook  of 
Fundamentals) ,  recommends  the  use  of  an  approximate  graphical  procedure 
developed  by  Boileau  and  Latta  (see  Reference  14,  Calculation  of  Basement 
Heat  Losses,  by  Boileau)  for  estimating  the  winter  heat  loss  from 
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FIGURE  58 

Radial  Isotherms  and  Circular  Heat  Flow  Lines 
Assumed  by  ASHRAE/Boileau  and  Latta 


below-grade  basement  walls  and  floors.  Boileau  and  Latta  suggest  that  this 
procedure  is  a  reasonable  approximation  only  for  the  nearly  steady-state 
mid-winter  conditions.  The  bases  for  the  ASHRAE/Boileau-Latta  procedure  are 
the  assumptions  that:  (1)  heat  flows  along  circular  paths  perpendicular  to 
radial  isotherms  from  the  basement  wall  to  the  surface  of  the  ground  (see 
Figure  58),  (2)  the  soil  behaves  as  a  low-mass  insulator  with  relatively  low 
resistance,  and  (3)  the  earth  is  a  homogeneous  heat  conducting  medium. 

Figures  59  and  60  present  heat  flux  data  for  both  an  uninsulated 
and  an  insulated  basement  wall  in  Minneapolis  for  a  typical  February  day. 

Two  sets  of  data  are  plotted:  one  from  the  ASHRAE/Boileau-Latta  calculation 
procedure,  and  the  other  from  a  transient  two-dimensional  finite-difference 
computer  analysis. 

Figure  59  demonstrates  that  good  agreement  is  realized  between  the 
two  methods  when  no  insulation  is  utilized.  This  is  graphically  apparent  in 
Figure  61.  The  isotherms  (generated  by  the  two-dimensional 
finite-difference  model)  conform  to  the  Boileau-Latta  method  in  that  they 
are  radial  in  nature  and  emanate  from  the  point  where  the  ground  surface 
meets  the  basement  wall.  The  graphic  method  predicts  a  slightly  smaller 
wall  heat  loss  than  does  the  computer  model.  As  explained  in  detail  by 
Meixel,  Shipp,  and  Bligh  (see  Reference  15,  The  Impact  of  Insulation 
Placement,  by  Meixel),  this  is  largely  due  to  the  fact  that  the  graphic 
procedure  does  not  take  into  account  the  vertical  giradient  in  the  building's 
wall  temperatures  and  the  resultant  heat  flux.  Thi^  error  increases 
dramatically  when  insulation  is  introduced.  Figure\62  is  a  plot  of  the 
computer-predicted  profile  around  the  basement  wall  When  R-21.0  insulation 
is  applied  to  the  exterior.  The  shape  of  the  isotheirms  ib  altered 
dramatically  from  the  no-insulation  case.  In  this  case,  the  isotherms 
depart  from  the  Boileau-Latta  model  where  the  isothejrms  radiate  from  the 
intersection  of  the  ground  surface  and  basement  wall.  In  particular,  the 
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FIGURE  59 

Compariaon  of  ASHRAE  and  Computer- 
Predicted  Heat  Flux  for  an 
Uninsulated  Basement  Wall 
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FIGURE  60 

Comparison  of  ASHRAE  and  Computer- 
Predicted  Heat  Flux  for  Basement 
Wall  with  R-21  Insulation 
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FIGURE  61 

Computer-Predicted  Temperature 
Profiles  Around  an  Uninsulated 
Basement  for  Typical  February  in 
Minneapolis 
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FIGURE  62 

Computer-Predicted  Temperature 
Profiles  Around  Basement  with  R-21 
Insulation  for  Typical  February 
in  Minneapolis 


dominant  heat  flux  is  in  a  vertical  direction  along  the  wall.  Consequently, 
the  Boileau-Latta  method  overestimates  the  wall  heat  loss  as  depicted  in 
Figure  62. 
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The  Ineblllty  of  the  ASHRAE/Bolleau-Latta  method  to  adequately 
model  insulated  basement  walls,  as  well  as  the  seasonal  thexmal  responses  of 
basement  walls  (since  the  ASHRAE  technique  Is  only  capable  of  predicting 
average  winter  heat  loss),  clearly  demonstrates  the  need  for  more 
sophisticated  procedures.  The  Bolleau-Latta  method  can  be  In  error  by  as 
much  as  30  percent.  Computer  simulations  are  required  to  accurately  predict 
the  basement  wall  heat  fluxes  for  each  day  of  the  year.  A  transient 
two-dimensional  flnlte*idlff erence  computer  model  Is  able  to  yield  detailed 
results  of  thermal  performance  which  are  required  for  optimizing  both 
Insulation  and  soil  mass.  Note  that  existing  simulation  models,  such  as 
BLAST,  NBSID,  and  D0E2.1  currently  do  not  account  for  these  changes  In  soil 
temperature  distribution  and  thus  are  unable  to  yield  eccurate  results. 
Further,  the  ASHRAE/Bolleau-Latta  method  Is  unable  to  estimate  the 
beneficial  wall  heat  losses  during  summer  months. 

b.  Computer  Model.  The  transient  two-dimensional  finite-difference 
computer  program  utilized  In  generating  the  Heat  Flux  Tables  (Tables  21 
through  42)  presented  In  Appendix  A  Is  a  direct  extension  of  the  program 
developed  and  documented  by  Speltz  (see  Reference  16,  A  N-jnerlcal  Simulation 
of  Transient  Heat  Flow,  by  Speltz,  and  Refereisie  17,  The  Thermal  Benefits 
and  Cost  Effectiveness  of  Earth  Bermlng,  by  Speltz). 

The  computer  model  solves  the  transient  two-dimensional  heat 
conduction  equation  In  a  Cartesian  coordinate  system  using  an  explicit 
forward-idlfferenclng  routine.  To  obtain  the  required  accuracy  In 
determining  heat  flux  magnitudes  and  directions,  node  spac'.og  Is  varied  from 
2  Inches  (SO  mm)  In  regions  of  large  temperature  gradients  to  24  inches 
(600  mm)  In  areas  where  small  temperature  gradients  occur.  The  model 
considers  a  two-dimensional  cross  section  of  the  building.  By  dividing  the 
two-dimensional  building  down  Its  vertical  axis  of  symmetry,  only  half  the 
building  need  be  modeled  and  an  adiabatic  boundary  condition  Is  Imposed  at 
this  axis  as  shown  In  Figure  63.  The  model  Is  bounded  by  a  second  vertical 
adiabatic  boundary  sufficiently  removed  to  minimize  Its  Impact  on  the  heat 
loss  of  the  structure.  At  the  bottom  of  the  calculation  region,  the 
temperature  Is  set  at  a  constant  deep-ground  temperature. 

The  boundary  conditions  at  the  Interior  (earth-contact)  wall  and 
floor  surfaces  are  determined  by  calculating  the  convective  and  radiative 
heat  flux  between  the  specified  air  temperature  of  the  building  and  the 
computed  Inside  surface  temperatures.  A  combined  convective  and  linearized 
radiation  heat  transfer  coefficient  Is  used  In  this  calculation  (see 
Reference  18,  Sensitivity  of  Room  Thermal  Response  to  Inside  Radiation 
Exchange  and  Surface  Conductance,  by  Buchberg).  The  boundary  conditions  at 
the  ground  surface  provide  for  convective  Interchange  with  the  air  as  well 
as  radiative  (solar  and  Infrared)  and  evaporative  exchange  with  the 
atmosphere.  (For  a  detailed  description  of  the  heat  balance  at  the  ground 
surface,  refer  to  Appendix  B.)  Changes  In  moisture  content  and  heat 
transfer  hf  convection  and  moisture  migration  In  the  soil  are  not  explicitly 
calculated.  Baladl  (see  Reference  19,  Transient  Heat  and  Mass  Transfer  In 
Soils,  by  Baladl)  has  shown  that  the  pure  heat  conduction  model  Is 
relatively  accurate  for  dry  and  moist  soils  with  calculation  errors 
Increasing  as  the  moisture  content  and  the  soil  porosity  Increases. 
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049 
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204 

114  - 
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HIND  (SPEED  IN  METERS  PER  SECOND) 

209 

123  • 

142 

CLOUDS 

210 

143 

SNOV  OOVEB  INDICATOR 

FIGURE  64 
SOLMET  Tape  Format 


Note  that  the  surface  boundary  condition  model  has  been  partially 
validated  by  comparing  ground  temperatures  predicted  by  the  model  to  experi¬ 
mental  data  recorded  by  the  National  Bureau  of  Standards  for  undisturbed 
soil  plots  in  Washington,  D.C.  (see  Reference  20,  National  Bureau  of 
Standards  Report,  "Earth  Temperature  Beneath  Five  Different  Surfaces"). 

The  model  requires  input  of  hourly  dry-bulb  and  wet-bulb 
temperatures,  barometric  pressure,  wind  velocity,  cloud  cover,  direct 
normal,  and  diffuse  solar  radiation  for  a  one-year  period.  The  following 
^  documents  these  inputs: 
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c.  Hourly  Weather  Data  -  SOLMET.  The  heat  balance  at  the  ground-air 
interface  is  perfomed  once  each  hour.  Hourly  Solar  Radiation- 
Meteorological  (SOLMET)  (see  Reference  21,  SOIJiET  U8er*s  Manual,  National 
Climatic  Center)  weather  data  input  is  read  directly  into  the  computer 
program  and  allows  an  explicit  calculation  of  the  following  heat  flux 
components:  (1)  convection-heat  transfer,  (2)  solar  heat  gain,  (3) 
infrared  radiation  exchange  with  the  atmosphere,  and  (4)  latent  heat  of 
evaporation  from  ground  cover. 
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The  typical  meteorological  year  data  base  (TMY)  (see  Reference  22, 
Typical  Meteorological  Year  Uaer*8  Manual,  National  Climatic  Center)  used  in 
the  simulations  represent  a  30-year  average  of  solar  insolation  and 
meteorological  data  and  la  compiled  directly  from  the  SOLMET  data  base. 
(Typical  months  for  the  30-year  period  were  selected  and  then  spliced 
together  to  make  up  one  typical  year~8moothing  functions  were  used  where 
each  month  was  spliced  together.)  Figure  64  identifies  the  various 
Insolation  and  weather  parameters  stored  on  the  tape. 


4.  SIMMARIES  AND  HEAT  FLUX  TABLES.  A  principal  concern  of  the  Navy  in 
utilizing  earth-sheltered  building  design  is  return  on  Investment. 

Consistent  with  this  economic  emphasis,  this  section  provides  tables  for 
determination  of  below-grade  heat  flux  as  a  function  of  climate,  insulation 
thickness  and  depth,  and  degree  of  earth-sheltering.  The  primary  objective 
of  these  tabulated  results  is  to  enable  the  system  designer  to  predict  with 
reasonable  accuracy  the  monthly  peak  heat  loads  of  earth-contact  surfaces, 
thus  allowing  HVAC  equipment  to  be  sized.  A  secondary  objective  of  the 
tabulation  is  to  facilitate  an  overall  understanding  of  the  potential  for 
energy  conservation  through  earth-sheltered  construction  techniques — that 
Is,  to  quantify  the  seasonal  energy  performance  of  below-grade  walls  and 
slabs  for  varying  levels  of  earth-sheltering,  insulation  thickness  aud  depth. 
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These  procedures  should  not  be  misconstrued  as  the  definitive  solution 
to  predicting  thermal  performance  of  below-grade  surfaces.  If  accurate 
thermal  performance  data  is  required  for  a  specific  building  configuration 
and/or  location,  separate  detailed  hour-by-hour  computer  simulations  must  be 
carried  out.  Also,  note  that  analysis  methods  are  still  under  development. 
For  example,  the  boundary  condition  at  the  ground  surface  is  still  being 
considered. 

a.  Description  of  Earth -Sheltered  Building  Configurations  Modeled. 

Pour  building  configurations  were  modeled:  (1)  slab-on^rade,  (2)  half-berm, 
(3)  single-story  full  berm,  and  (4)  three-story  full  berm.  The 
configurations  were  selected  so  as  to  represent  the  full  range  of  typically 
encountered  ejarth-sheltered  buildings.  The  four  configurations  were  modeled 
under  identical  interior,  weather,  and  soil  conditions.  Only  the  insulation 
thickness  and  depth  ^s  varied  in  the  simulations  (Refer  to  Figure  102  for  an 
index  which  tabulates  the  simulations  according  to  building  location, 
installation  fhlckness,  and  depth).  In  Section  6  a  parametric  analysis  is 
carried  out  t<i  determine  the  sensitivity  of  the  building's  thermal 
performance  to\  soil  type.  Cross  sections  through  the  four  building 
configurations! are  illustrated  in  Figures  65  through  68.  These  figures  show 
*’he  location  of  construction  materials  and  dimensions. 
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Schematic  Cross-Section  for  Slab- 
on-Grade  Building 


1,-6  in  (150  mm)  Concfe 
I  -.Soil  with  grass  cover 


“Extruded  polystyrene  j 
insulation  -see  Heat  i 
Flux  Tables  for  j 
thickness  and  depth  1 
“14  in  (350  mm)  i 
Concrete  I 


26  ft 
(7.92  m) 


Constant  deep  oround  tsmoerature 


FIGURE  66 

Schematic  Cross-Section  for  Half 
Berm  Building 
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TABLE  € 

Conbined  Surface  Convection  end  Lineerixed  Rediation  Heat  Transfer 
Coefficients  Used  in  Computer  Model 


Boundary  at 

Building  Irtterior 

Direction 

of  Heat  Flow 

Surface  Conductance 

Btu/f  t2  h  OF  W/m2  oq 

Floor 

Upword 

0.78 

A.4 

Duvmword 

0.19 

l.l 

Wol' 

0.60 

3A 

b.  Input  Parameters.  Refer  tc  Tables  5  through  8  for  a  summary  of 
building  and  soil  properties,  heat  transfer  coefficients  and  building 
interior  dry-bulb  temperatures,  and  constant  deep  ground  temperatures  input 
into  the  computer  model. 


c.  Heat  Flux  Tables.  Computer  simulation  results  of  the  dynamic 
thermal  performance  of  the  four  building  configurations  analyzed  are 


TABLE  7 

Specified  Building  Interior 
Dry-Bulb  Air  Temperatures  Used  in  Computer  Model 


FIGURE  69 

Floor  HeaC  Loss  for  January,  Minneapolis 


The  Heat  Flux  Tables  are  categorized  by  building  location, 
insulation  thickness,  and  depth.  On  the  horizontal  axis  of  the  tables,  the 
data  is  subdivided  by  surface  type.  The  vertical  axis  is  subdivided  by 
building  configuration.  Average  ninthly  heat  fluxes,  in  addition  to  the 
Bonthly  peak  heat  losses  and  gains,  for  each  building  surface  are 
presented.  The  last  two  columns  of  each  category — designated  "HRS  HT  ON" 
and  "HRS  CL  ON"— indicate  the  number  of  hours  heat  was  lost  or  gained  from 
the  building  surface. 

The  heat  flux  values  presented  for  the  walls  represent  the  average 
flux  for  the  entire  surface  (that  is,  average  flux  from  floor  to  ceiling). 
The  data  for  the  slab  is  slightly  more  complex  to  interpret.  The  heat  flux 
data  under  the  heading  "slab  perimeter"  represents  the  average  heat  loss  or 
gain  for  the  first  20  feet  <6  m)  of  the  slab.  The  "slab  interior" 
represents  the  conditions  at  the  slab's  centerline  (axis  of  synraetry). 


To  properly  use  the  Heat  Flux  Tables,  it  is  important  for  the  user 
to  understand  the  dynamic  thermal  performance  of  the  slab-on-grade.  For 
instance,  consider  a  slab  which  is  relatively  large  in  width— approximately 
SO  feet  (IS  m)  in  width  or  greater.  Because  cf  the  slab's  large  floor  area, 
the  heat  loss,  except  near  the  perimeter,  is  not  strongly  coupled  to  the 
ground  surface,  but  rather  establishes  a  quasi-steady-state  heat  transfer 
rate  with  the  deep-ground  environment.  Consequently,  the  thermal 
performance  of  large  slabs  can  be  described  with  reasonable  accuracy  by 
representing  the  slab  at  two  regions:  (1)  the  slab  perimeter,  outer  10  to 
20  feet  (3  to  6m),  and  (2)  the  slab  interior.  This  point  is  graphically 
depicted  in  Figure  69.  As  one  moves  inward  from  the  slab  perimeter,  heat 
loss  biccrnes  essentially  constant  at  the  10-foot  (3-m)  mark.  On  a 
residentia.  scale,  heat  loss  occurring  at  the  comer  of  the  building  becomes 
significant  when  compared  with  the  total  loss  of  the  earth  contact  slab  and 
walls.  As  a  consequence,  the  above  strategies  do  not  apply  to  small 
buildings. 


Com  It  Uninsulated 
Com  II:  R-IO  0i  ^t^^P/Btu)  insulation  to  o  depth  of  4  feet  (1220  mm) 

Cose  III:  R-'2Q  (h  ft*  F/Bto)  of  insulotion  to  a  depth  of  4  feet  (l220:t''Ti) 

I  8to/h  ft^  .  3.1544  W/m^ 


FIGURE  70 

Annual  Floor  Heat  Loss  Minneapolia  Slab-on-Grade 
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Cose  lit  R-IO  (h  ft2°F/8to)  insulation  to  a  depth  of  4  feet  (1220  mrn) 


I  Btw/h  ft^  .  3.1544  W/m^ 


FIGURE  71 

Annual  Floor  Heat  Losa/Gain  Miami,  Slao-onHSrade  Building 


Figure  102  in  Appendix  A  identifies  seven  major  climatic  regions  of 
the  U.S.  Each  region  is  represented  by  one  of  the  seven  cities  analyzed. 

To  obtain  heat  flux  data  for  a  particular  location,  the  designer  should:  (1) 
find  the  region  from  Figure  102  which  his  building  site  falls  within,  (2) 
identify  the  representative  city  for  that  region  (indicated  in  Figure  102), 
(3)  refer  to  the  appropriate  heat  flux  tables  in  Appendix  A  for  that  city, 
and  (4)  use  the  Heat  Flux  Table  with  the  nearest  R-value  for  the 
insulation.  It  is  in^ortant  that  the  designer  understand  that  this 
tabulated  data  only  represents  a  set  of  specific  climatic  conditions  and  is 
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FIGURE  72 

Annual  Wall  and  Floor  Heat  Loss  Minneapolis, 
Full  Berta,  1-Story  Building 
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not  intended  to  represent  all  microclinatic  regions  of  the  United  States. 
Hoitever,  the  seven  cities  which  were  analyzed  will  provide  a  data  base  which 
is  broad  enough  to:  (1)  optinize  insulation  thickness  and  depth,  (2)  provide 
heat  flux  information  for  sizing  HVAC  equipment,  and  (3)  compute  the 
integrated  annual  heat  loss  and  gain  of  earth-contact  surfaces. 

Reaulta  and  Discuasion.  Wall  and  floor  thermal  performance  results 
for  the  slab-on-grada,  full-berm  one-story,  and  full-berm  three-story 
buildings  in  Minneapolis  and  Miami  are  discussed. 
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FIGURE  73 

Annual  Wall  and  Floor  Heat  Loss/Gain  Miami, 
Full  Berm,  1-Story  Building 


Figure  70  shows  that  adding  perimeter  Insulation  to  the 
slah-on-grade  building  In  Minneapolis  significantly  reduces  floor  heat 
losses.  In  Miami,  perimeter  Insulation  reduces  floor  heat  losses  in  the 
winter  and  gains  in  the  summer  (see  Figure  71).  However,  these  benefits  are 
not  nearly  as  significant  as  in  the  northern  climates.  A  cost-benefit 
analysis  would  have  to  be  carried  out  to  determine  if  the  reduction  in 
building  heating  and  cooling  requirements  offsets  the  capital  investment  in 
Insulation. 

Heat  loss  through  the  earth-covered  walls  for  the  full-berm 
one-story  building  in  Minneapolis  is  substantially  reduced  by  adding  2 
inches  (50  mm)  of  insulation  to  the  exterior  of  the  wall  to  a  depth  of  8 
t .  St  ( 2. A  m) .  See  Figure  7  2.  Aldltional  levels  of  insulation  produce  only 
z-glnal  Improvements  in  thermal  performance.  Slab  thermal  performance  is 
u4^arly  identical  for  cases  I,  II  and  III.  However,  a  significant  reduction 
In  slab  thermal  performance  is  observed  in  case  IV.  In  this  case,  heat  loss 
from  the  lower  portion  of  the  foundation  wall  is  reduced  by  carrying 
insulation  down  to  the  footings,  thus  producing  colder  ground  temperature. 
These  colder  ground  temperatures  increase  heat  loss  from  the  slab. 

Insulation  produces  only  marginal  improvements  in  tlkermal  performance  in 
Miami  (see  Figure  73). 

Several  interesting  points  can  be  drawn  from  Figures  74  and  75  for 
the  full-berm  three-story  building.  First,  ground  coupling  effects 
significantly  reduce  the  amplitude  of  the  wall's  heat  loss  profile  as  one 
moves  down  from  the  upper  to  the  lower  levels.  Second,  the  time-lag  effects 
for  the  wall  heat  loss  at  levels  two  and  three  of  the  building  are 
substantial.  The  lag  can  be  months  in  duration.  Peak  heat  losses  do  not 
occur  until  mid-July  in  Minneapolis.  The  thermal  lag  exhibited  by  cases  I 
and  II  in  Miami,  demonstrate  the  beneficial  effects  of  ground  coupling. 

Slab  heat  loss  offsets  cooling  requirements  during  the  summer  months  while 


heat  gains  offset  heating  requirements  during  the  winter  months.  However, 
these  benefits  may  not  be  that  significant  when  compared  to  the  building's 
total  space  conditioning  requirements.  Nevertheless,  cooling  benefits 
derived  from  earth-contact  surfaces  may  be  very  useful  in  reducing  peak 
cooling  requirements.  Thus  the  initial  cost  of  cooling  equipment  may  be 
reduced  correspondint,  to  the  reduced  peak  loads. 

In  general,  the  floor  heat  loss /gain  has  the  maximum  ground 
coupling  of  all  the  building  configurations  analyzed.  The  slab  heat  loss  is 
very  sensitive  to  the  interior  air  temperature  due  to  the  relatively 
constant  ground  temperature  compared  with  the  variable  outdoor  air 
temperature. 


5.  SAMPLE  LOAD  CALCULATION  PROCEDURES.  This  section  presents  methodologies 
for  estimating  the  thermal  performance  of  earth-sheltered  buildings. 

Results  of  the  detailed  computer  simulations,  presented  in  the  Heat  Flux 
Tables  provide  a  basis  for  estimating  peak  loads  and  annual  energy 
performance  of  earth-contact  surfaces. 

a.  Sizing  of  Heating  and  Cooling  Systems. 

(1)  Space  Heating  Load.  Heat  loss  calculations  consist  of 
estimating  the  maximum  probable  heat  loss  of  each  room  or  space  to  be  heated 
while  maintaining  a  selected  indoor  air  temperature  during  periods  of  design 
outdoor  weather  conditions.  Heat  losses  consist  primarily  of: 

o  Transmission  Losses.  Heat  transferred  through  exterior  walls, 
windows,  roof,  floor,  and  earth-contact  surfaces. 

o  Infiltration  Losses.  Energy  required  to  warm  outside  air 
which  leaks  through  cracks  around  doors  and  windows. 

o  Ventilation  Requirements.  Energy  required  to  warm  outside  air 
to  room  temperature  for  ventilation  purposes. 


(a)  Calculation  of  Transmission  Heat  Loss  for  Above-Grade 
Surfaces.  See  ASHRAE  criteria  (Reference  13}  for  tables  and  procedures  for 
computing  overall  heat  transmission  coefficient  for  building  materials  for 
walls,  floors,  ceilings,  glass,  and  doors.  For  all  facilities,  use  outside 
design  temperatures  from  97-1/2  percent  column  in  Army,  Navy  and  Air  Force 
manual.  Engineering  Heather  Data,  NAVFAC  P-89  (see  Criteria  Sources).  For 
inside  design  temperatures,  refer  to  NAVFAC  DM-3.3  (Chapter  3,  Heating 
Systems). 


(b)  Calculation  of  Transmission  Heat  Loss  through 
Earth-Contact  Walls.  To  estimate  the  transient  heat  loss  through  basement 
and  earth-contact  walls,  the  Heat  Flux  Tables  located  in  Appendix  A  must  be 
used.  Best  loss  is  estimated  by  means  of: 

q  -  (A)  (LSj)  (1) 


WHERE: 

q  ■  heat  transfer  through  the  earth-contact  wall  (Btu/h) 
A  ■  area  of  earth-contact  wall  (ft^) 

LS^"  peak  heat  loss  (see  Heat  Flux  Tables)  (Btu/h  ft^) 


.■'v 
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Cose  I:  Uninsuloted 

Cose  II:  K-IO  (h  ft2°F/Btu)  of  insulation  to  o  depth  of  8  feet  (2440  mm) 

Case  III:  K-20  Ch  ft2°F/Btu)  of  insulation  to  a  depth  of  8  feet  (2440  mm) 

Cose  IV:  R-IO  (h  ft2°p'/Btu)  of  insulation  to  a  depth  of  16  feet  (4880  mm) 

I  BWh  ft^  ,  3.1546  W/m^ 

FIGURE  74 

Annual  Wall  and  Floor  Heat  Loss  Minneapolis 
Full  Berm,  3-Story  Building 


WHERE: 

q  >  heat  loss  through  the  floor  (Btu/h  ft^) 

A  ■  area  of  floor  (ft2) 

LS2«  peak  heat- loss  of  the  slab  perimeter  or  interior  (see  Heat  Flux 

Tables)  in  Appendix  A  (Btu/h  ft2) 

The  Heat  Flux  Tables  only  apply  to  buildings  which  are  approximately  59  feet 
(15  m)  in  width  or  greater.  If  these  methods  are  applied  to  conditions 
where  the  building  is  smaller  in  width,  below-grade  heat  losses  will  be 
underestimated  because  of  the  neglected  three-dimensional  corner  effects. 

(d)  Calculation  of  Sensible  Heat  Loss  Due  to  Infiltration  and 
Ventilation  Air.  Heat  load' due  to  infiltration  and  ventilation  air  is  a 
function  of  quantity  of  air  and  design  inside  and  outside  temperature 
difference.  Refer  to  NAVFAC  DM-3.3  (Chapter  3,  Heating  Systems)  and  ASHRAE 
criteria  (see  Reference  13)  for  methods  in  estimating  the  quantity  of 
infiltration  and  ventilation  air. 

The  following  example  problem  illustrates  the  use  of  the  Heat  Flux 
Tables  for  estimating  the  peak  heating  load  of  a  partially  earth-sheltered 
building.  This  analysis  demonstrates  the  use  of  earth-sheltered  design 
procedures  in  conjunction  with  above-grade  procedures. 

(2)  Example  Problem  1.  Calculate  the  heat  loss  rate  at  design 
conditions  of  the  two-story  earth-sheltered  office  building  (see  Figures  76, 
77,  and  78)  located  in  Minneapolis,  Minnesota.  From  MAVFAC  P-89,  Chapter  1, 
design  outdoor  conditions  are  -16*F  (-26.7‘‘C)  and  15  mile/hour  (24  km/h) 
wind  speed.  Estimate  infiltration  losses  by  the  air  change  method.  Ignore 
internal  heat  gains.  For  earth-contact  heat  fluxes,  use  January  design 
values  from  the  Heat  Flux  Tables.  Assume  an  indoor  dry-bulb  temperature  of 
70*F  (21.1*0.  The  building  is  constructed  as  follows: 

ABOVE-GRADE  WALLS:  0.5  inches  (13  mm)  gypsum  board,  air  space,  12-ineh 
(300-mm)  concrete  block,  2-inch  (50-mm)  extruded  polystyrene  insulation, 
1-inch  (25  mm)  air  space,  face  brick.  Overall  heat  transfer  coeffieiency  ■ 
0.0726  Btu/ft2  h  ‘F  (0.4122  W/m2  K). 

ROOF:  Acoustical  tile,  24-inch  (610-ism)  air  space,  20-gauge  metal  deck, 
0.75-inch  (19-mm)  perlite  insulation  board,  2-inch  (50-mm)  isocyanurate  foam 
insulation  board,  4-ply  built-up  roof.  Overall  heat  transfer  coefficient  ■ 
0.0526  Btu/ft2  h  ‘F  (0.2987  W/m2  K) . 

WINDOWS:  I-inch  (25-mm). insulating  glass.  Overall  heat  transfer 
coefficient  ■  0.58  Btu/ft2  h  ‘F  (3.29  W/m2  K). 

BELOW-GRADE  WALLS:  14-inch  (350-mm)  cast-in-place  concrete  with  2 
inches  (50  mo)  of  extruded  polystyrene  insulation  board  applied  to  the 
exterior  wall  to  a  depth  of  8  feet  (2438  mm). 


EARTH-CONTACT  FLOOR:  6-inch  (150-mm)  concrete  slab. 

SOIL:  k  -  1.10  Btu/h  ft  ’F  (1.904  W/m  K),  density  -  114.0  lb/ft3 
(1,826  kg/m3),  Cp  -  0.275  Btu/lb  'F  (1.1514  kJ/kg  K). 
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FIGURE  76 

Isometric  of  Building  Used  for  Example  Problem  1 
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FIGURE  77 

Diagrannatic  Plan  of  Building  Used 
for  Example  Problem  1 — Exit  Level 
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FIGURE  78 

Diagrammatic  Plan  of  Building  Used 
for  Example  Problem  1 — Below-Grade  Level 


SOLUTION:  Calculations  for  this  problem  are  presented  in  Table  9.  The 
values  in  Column  F  of  Table  9  were  obtained  by  multiplying  together  the 
values  in  Columns  B,  C  and  D/E.  See  reference  notes  for  Table  9  for  further 
explanation  of  the  data. 
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TABLE  9 

Heat  Loss  Calculation  for  Example 


A 

3 

C 

D 

E 

F 

Heat  Loss  Component 

Net  Exterior 
Area  or  Air 
Volume 

U-Volue 
Coefficient 
Btu/h  ft2  OF 

Temp. 

Diff. 

OF 

Heat  Loss  Rote  for 
Earth  Contact  Surface 
Btu/h  ft2 

Heat 

Loss 

Btu/h 

Roof 

10,500  ft2 

0.0526 

86 

47,500 

Above  Grade  Walls 

4,ii00  ftZ 

0.0726 

86 

27,470 

Below  GfcJe  Walls 

5,230  ft2 

3.23 

17,050 

Windows 

880  ft2 

0.580 

86 

43,900 

Entry  Door  in  Sooth  Wall 

50ft2 

0.083 

86 

360 

Ecrth  Contact  Floor 

Slob  Perimeter 

7,200  ft2 

0.96 

7,050 

Ecrth  Contoct  Floor 

Slob  Interior 

3,300  ft2 

0.79 

2,600 

Infiltration 

34,000  ft3/h 

0.018 

86 

52,630 

Ventilation  Air 

52,800  ft3/h 

0.018 

86 

81,730 

TOTAL  LOAD 

280,290 

a.  Calculated  from  gross  wall  area,  less  fenestration  and  doors. 

b.  Volume  of  Infiltrction,  ft^/h  s  (number  of  air  changes/hour)  x  (floor  vea)  x  (ceiling  hei^t) 

c.  0.013  =  Btu/ft^®F 

d.  Outdoor  air  introduced  for  ventilation,  ft3/h  =  (number  of  occupants)  x  (5  ft3/min./occupant) 
X  (€0  minutes/hour) 

e.  Volue  extrocted  from  Table  30. 

Conversion  formulas: 
i  ft^  =  0.0233  m^ 

1  ft^  =  0.0929  m^ 

I  Btu/ft^®F  *  67.0661  kj/m^ 

I  Btu/h  ft^  °F  =  5.6783  W/m^K 
I  Btu/hft2.3.l546  W/m^ 

=  9/5^C  ♦  32 
I  Btu/h  =  0J93I  W 


1.4-145 


(3)  Space  Cooling  Load.  The  space  cooling  load  is  the  rate  at 
which  heat  oust  be  removed  from  a  space  to  maintain  the  room  air  temperature 
at  a  constant  value.  The  summation  of  all  space  instantaneous  heat  gains 
does  not  necessarily  equal  the  cooling  load  for  the  space  at  that  time.  The 
thermal  storage  effect  of  the  building  mass  tends  to.  delay  the  transfer  of 
heat  to  the  room  air.  These  thermal  storage  effects  are  important  in 
determining  cooling  equipment  capacity.  For  a  comprehensive  review  of  heat 
transfer  principles  related  to  sizing  cooling  equipment  for  buildings,  refer 
to  NAVFAC  DM-3.3,  Chapter  5,  Air  Conditioning  and  Dehumidifying  System,  and 
ASHRAE  criteria  (see  Reference  13).  The  subsequent  sections  review  cooling 
load  calculation  procedures  as  applied  to  earth-sheltered  building. 
Calculation  procedures  for  above-grade  buildings  are  also  included  since 
many  earth-sheltered  buildings  incorporate  above-grade  building  spaces  into 
the  design. 


(a)  Calculation  of  Cooling  Load  Due  to  Transmission  Heat 
Gains  Through  Above-Grade  Walls  and  Roofs.  Refer  to  ASHRAE  criteria 
(Reference  13)  for  calculating  transmission  and  solar  loads.  For  "U"  factor 
for  type  of  construction  involved,  see  ASHRAE  criteria  (Reference  13). 

(b)  Calculations  of  Space  Cooling  Load  Due  to  Solar  Heat  Gain 
Through  Windows.  Refer  to  HAVFAC  OM-3.3,  Chapter  5,  for  design  procedures 
for  calculating  solar  heat  gain  through  glass.  Also,  refer  to  ASHRAE 
criteria  tables  (Reference  13)  for  shade  and  storage  factors. 

(c)  Calculation  of  Transmission  Heat  Loss/Gain  Through 
Earth-Contact  Walls.  Use  the  Heat  Flux  Tables  to  estimate  earth-contact 
wall  heat  fluxes  during  summer  months.  Heat  loss  or  gain  can  be  estimated 
by  means  of: 


WHERE: 

q 

A 

LS3 


q  -  (A)  (LS3) 


heat  transfer  through  the  earth-contact  wall  (Btu/h) 
area  of  earth-contact  wall  (ft^) 

peak  heat  loss/gain  for  summer  design  conditions  from  the  Heat 
Flux  Tables  (Btu/h  ft^) 
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(d)  Calculation  of  Transmission  Heat  Loss/Gain  Through  Earth- 
Contact  Slabs.  The  slab  heat  loss,  or  gain,  during  summer  design  conditions 
is  given  as: 

q  -  (A)  (LS4)  (4) 


WHERE: 

q 


heat  loss/gain  through  the  floor  for  sumner  design  conditiipns 
(Btu/h  ft2) 

area  of  the  floor  (ft^) 

peak  heat  loss/gain  for  summer  design  conditions.  (Btu/h  fc^) 
See  Heat  Flux  Tables  in  Appendix  A.  1 


(e)  Calculations  of  Space  Cooling  Load  Due  to  Lights  and 
equipment.  See  ASHRAE  criteria  (Reference  13)  for  calculating  heat  load  due 
to  lights  and  equipment. 
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determination  of  space  cooling  load  (sensible  and  latent)  due  to  the  people 
refer  to  ASHRAE  criteria  (Reference  13). 


(g)  Calculation  of  Space  Cooling  Load  Due  to  Ventilation  and 
Infiltration  Air.  For  proce'-iures  in  estimating  the  outside  air  load  refer 
to  NAVFAC  DM-3.3,  Chapter  5. 

(4)  Example  Problem  2.  Calculate  the  total  cooling  load,  at 
design  conditions,  of  the  two-story,  earth-sheltered  office  building  (Figure 
76,  77  and  78)  located  in  Minneapolis,  Minnesota.  Refer  to  example  problem 
1  for  a  description  of  building  construction.  From  NAVFAC  P-89,  Chapter  1, 
outdoor  design  conditions  for  Minneapolis  are:  dry-bulb  temperature  92‘’F 
(33*C);  daily  range,  23®F  (-5*0;  wet-bulb  temperature,  75®F  (23.9®C);  Wq 
■  0.0148  lb  vapor/lb  dry  air.  Indoor  design  conditions:  Dry-bulb 
temperature,  78®F  (25.6®C);  wet-bulb  temperature,  65®F  (18.3®C);  «£  * 

0.0102  lb  vapor/lb  dry  air.  Occupancy:  176  office  workers  from  8  ^  to 
5  PM.  Lights:  52,500  watts  (2.5  watts/ft^)^  non-vented  fixtures,  '^.om  T 
AM  to  6  PM.  Equipment:  10,510  watts  (0.5  watts/'ft^).  —  '*-»r«'h- .ontact 
heat  fluxes,  use  August  design  values  from  the  He-tt  Flux  Tables. 

SOLUTION:  Calculations  for  this  problem  are  presented  in  Table  10.  It 
may  be  necessary  to  make  some  trial  cooling  load  calculations  to  determine 
the  time  of  the  maximum  load.  The  cooling  load  results  presented  in  Table 
10  represent  the  total  instantaneous  space  cooling  load  of  the  entire 
building.  Cooling  requirements  for  each  zone  must  be  calculated  on  an 
individual  basis.  See  reference  notes  for  Table  10  for  further  explanation 
of  the  data. 


(5)  Limitations  of  the  Cooling  Load  Calculation  Procedures 
Presented  in  this  Section.  One  of  the  inherent  limitations  of  the  data 
presented  in  the  Heat  Flux  Tables  is  that  the  computer  simulations  were 
performed  with  fixed  interior  air  temperatures;  that  is,  the  interior  air 
temperature  was  not  allowed  to  float.  Also,  the  simulations  did  not  account 
for  radiant  heat  transfer  from  people,  lights,  and  equipment  to  the  earth- 
contact  surfaces.  Consequently,  the  peak  cooling  loads,  as  estimated  by  the 
procedure  presented  in  this  manual,  may  be  slightly  overestimated  since  the 
cooling  potential  of  earth-contact  surfaces  to  remove  the  radiant  portions 
of  unwanted  heat  from  internal  sources  is  not  modeled.  Note  that  the 
cooling  load  factors  (CLF's),  which  are  utilized  in  this  manual,  do  account 
for  the  thermal  storage  effects  of  the  building  mass.  However,  these 
factors  are  based  on  the  thermal  performance  of  above-grade  structures. 


Refer  to  Appendix  C  for  Worksheets  which  will  aid  in  the 
calculation  of  peak  heating  and  cooling  loads  of  earth-sheltered  b'lildings. 


If  extremely  accurate  thermal  performance  data  is  required  for 
a  specific  building  and/or  location,  separate  detailed  hour-by-hour  computer 
simulations  must  be  carried  out.  In  the  near  future,  computer  programs  (for 
main  frame  computers)  will  be  available  for  simulating  the  thermal 
performance  of  below-grade  structures  on  an  hour-by-hour  basis.  It  should 
be  noted  that  the  use  of  these  programs  can  involve  a  significant  amount  of 
training,  preparation  time  for  input  data,  and  computing  time. 


TABLE  10 

Cooling  Load  Calculationa  for  Example  2 
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b.  Integrated  Annual  Energy  Conaumptlon.  The  calculation  of  annual 
energy  requirements  for  large  earth-sheltered  buildings  Is  somewhat  more 
difficult  to  calculate  than  the  peak  load.  A  thorough  analysis  of  the  total 
energy  balance  must  be  made  In  order  to  accurately  establish  the  energy 
requirements-  of  the  building.  The  degree-tlay  concept  Is  not  accurate  enough 
for  determining  annual  energy  requirements  for  large  above-grade  buildings 
since  this  method  solely  relies  on  the  Isolated  Item  of  heating.  Cooling 
rather  than  heating  la  necessary  In  many  winter  situations  within  buildings 
of  the  modern  multifunction  type.  This  Is  a  very  typical  situation  In 
earth-sheltered  buildings  where  envelope  losses  are  minimised.  It  Is 
becoming  cost-effective  to  recover  excess  heat  from  the  core  of  the  building 
and  utilize  It  In  perimeter  zones.  These  requirements  further  complicate 
calculation  procedures. 

Because  of  the  complex  nature  of  all  factors  Involved,  no  simple 
method  has  yet  been  developed  for  estimating  the  energy  requirements  ox 
large  earth-sheltered  buildings.  Currently,  the  only  accurate  way  of 
estimating  these  energy  requirements  Is  the  use  of  computer  simulation 
programs  which  perform  I.our-by-hour  calculations.  An  alternative  to 
computer  simulation  Is  the  use  of  the  "varlable-bln"  method.  The 
"varlable-bln"  method  consists  of  performing  an  Instantaneous  energy 
calculation  at  many  different  outdoor  dry-bulb  temperature  conditions,  and 
multiplying  the  result  by  the  number  of  hours  of  occurrence  of  each 
calculation. 

i 

'  The  reirmlnder  of  this  section  presents  methods  for  estimating  space 
conditioning  reftulrements  of  earth-sheltered  buildings.  The  "varlable-bln” 
concept!  Is  used  In  conjunction  with  the  Heat  Flux  Tables.  For  a  complete 
description  of  the  variable  method,  refer  to  ASHRAE  Systems  Handbook  (see 
Reference  23) . 
i  ■ 

I  (1)  Thermal  Performance  of  Earth-Contact  Surfaces.  To  estimate 
the  annual  heat  loss/gain  of  earth-contact  surfaces,  refer  to  the  Heat  Flux 
Tables  and  then  carry  out  the  following  procedure: 

(a)  Determine  the  location  of  the  building  and  select  the 
region  which  the  building  site  falls  within  (see  paragraph  A.c,  and  Figure 
107). 

(b)  Select  one  of  the  four  building  configurations  available 
which  most  closely  approximates  the  building  type  under  study  (see  paragraph 
4a  and  Figures  65  through  68). 

(c)  Select  the  Insulation  thickness  (see  Figure  102). 

(d)  Enter  the  Heat  Flux  Tables  at  the  appropriate  building 
configuration  and  constructloi.  component.  To  obtain  the  heat  loss  for  any 
monthly  period  multiply  the  area  of  the  surface  In  question  by  the  average 
heat  loss  (under  the  heading  "AVE  HEAT  LOSS”)  by  the  number  of  hours  heat  Is 
being  lost  (under  the  heading  ”HRS  HT  ON”).  To  obtain  heat  gains,  use  the 
heat  flux  values  under  the  headings  ”AVE  HT  GAIN”  and  ”HRS  CL  ON”. 

The  above  procedure  can  be  repeated  for  other  levels  of 
earth-sheltering  and  insulation  thickness  to  determine  cost  effectiveness  of 
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various  building  alternatives,  that  is,  to  perform  an  economic  analysis 
based  on  energy  performance. 

(2)  Total  Space  Conditioning  Requirements.  To  accurately  estimats 
the  space-conditioning  requirements  of  earth-sheltered  buildings,  the 
"variable-bin"  method  must  be  used  in  conjunction  with  the  Heat  Flux 
Tables.  The  "variable-bin"  concept  is  based  on  the  fact  that  energy  used  in 
a  certain  period  of  tim  equals  the  average  load  times  the  number  of  hours. 
The  first  principle  to  keep  in  mind  when  using  this  method  is  that  the 
"bins"  should  be  selected  so  that  there  is  no  qualitative  change  in  the  mode 
of  operation  within  the  bin.  The  second  principle  is  that  within  each  "bin" 
an  average  load  is  calculated  with  average  climatic  and  building  data.  This 
average  times  the  time  length  of  the  bin  gives  part  of  the  consumption. 

This  averaging  gives  results  which  are  very  similar  to  hour-by-hour 
calculations. 

It  is  important  to  identify  the  bins  which  represent  different 
usage  functions.  For  example,  the  energy  required  to  condition  outside  air 
would  require  a  minimum  of  two  bins:  one  bin  for  preheat  (winter  SMinths) 
and  a  second  for  cooling  (cooling  months).  Additional  modes  would  be 
created  by  the  various  operating  modes  of  the  system  or  component.  For 
instance,  additional  bins  would  be  required  if  the  fans  are  not  operated 
during  unoccupied  hours  or  if  the  perimeter  heating  system  is  not  used 
during  sumner  months. 

Note  that  the  more  bins  created,  the  more  time  spent  on 
calculations.  For  large  buildings  with  variable  load  profiles  (for  example, 
a  profile  which  has  100  percent  internal  heat  gains  during  the  day  and  0 
percent  internal  loads  at  night),  two  bins  are  required  to  describe  these 
conditions.  During  the  day,  periioeter  tones  may  not  require  any  heating 
during  winter  months  because  of  high  interior  heat  gains,  however,  at  night 
heating  may  be  required  to  offset  envelope  heat  losses.  This  same  concept 
also  applies  to  earth-sheltered  buildings;  envelope  loads  are  reduced  to 
such  a  point  that  internal  heat  gains  may  be  more  than  adequate  to  offset 
these  losses.  Refer  to  the  preceding  section  for  calculation  procedures  on 
estimating  the  monthly  thermal  performance  of  earth-contact  surfaces. 

The  bin  method  may  be  used  with  or  without  refinements  such  as 
coincident  wet-bulb  conditions,  depending  on  the  anticipated  impact  of  the 
additional  parameters.  Weather  data  for  use  with  the  bin  method  is 
available  in  NAVFAC  P-89. 

The  "variable-bin  method"  of  energy  estimating  has  the 
advantage  of  allowing  building  sones  with  complex  operating  schedules  to  be 
analyzed.  This  permits  the  user  to  accurately  predict  effects,  such  as 
reheat  and  "free  cooling,"  that  can  only  be  guessed  at  with  less 
sophisticated  procedures. 

Appendix  C  contains  worksheets  which  are  formatted  to  use  the 
variable-bin  methods  To  calculate  the  annual  heating  and  cooling 
requirements  of  an  earth-sheltered  building.  Worksheets  A  and  B  must  be 
used.  Depending  on  the  number  of  different  zone  operating  temperature 
schedules,  Worksheet  A  (Climatological  Data  for  Use  in  Calculating  Energy 
Consumption)  must  be  filled  out  a  minimum  of  12  times,  once  for  each  month. 
Worksheet  B  (Heating/Cooling  Load  Calcultions,  Integrated  Value)  must  be 
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filled  out  for  each  rone  of  the  building  for  each  month  and  bin  c<'ndition. 
The  total  annual  heating  and  cooling  load  of  the  building  is  the  summation 
of  the  totals  on  Worksheet  B  for  each  zone  and  bin  condition. 

Writing  a  computer  program  to  perform  these  computations  may 
be  more  expedient  in  the  long  run. 

6.  EARTH-COVERED  ROOFS.  The  large  thermal  mass  associated  with 
earth-covered  roofs  dampens  the  continuous  fluctuations  in  the  external  air 
temperature.  Earth-covered  roofs  are  more  than  capable  of  countering  the 
radiant  heat  gains  (solar)  if  plant  cover  is  provided  and  well  irrigated 
(See  Reference  26).  Vegetation-covered  roofs  can  provide  net  cooling 
benefits  during  the  cooling  season.  These  benefits  are  significant,  but 
typically  will  represent  less  than  1  percent  of  the  total  building  cooling 
load  (commercial-  or  institutional-scale  buildings).  Thus,  an  important 
distinction  between  earth-covered  and  conventional  roofs  is  that  an 
earth-covered  roof  may  provide  cooling  benefits  while  a  conventional  roof 
would  add  to  the  total  coding  load. 

During  the  heating  season,  an  earth-covered  roof's  annual  energy 
performance  will  be  similar  to  that  of  a  well-insulated  conventional  roof. 
The  difference  in  energy  performance  is  directly  dependent  on  the  depth  of 
earth  cover  and  the  amount  of  insulation  applied  to  “he  conventional  roof. 
Winter  peak  design  loads  of  the  two  roof  types  will  La  similar  unless  large 
amounts  of  earth  cover  are  applied  to  the  roof  (over  1  foot  (300  mm)).  It 
may  be  difficult  to  justify  an  earth-covered  roof  with  small  amounts  of 
earth  cover  (6  inches  (150  mm))  on  a  transient  basis,  since  a  roof  of  this 
type  will  nearly  reach  steady-state  heat  loss  conditions  over  periods  when 
cold  frontj  exist  for  days  or  weeks  at  a  time.  Earth-covered  roofs  with 
large  amounts  of  earth  cover  should  be  analyzed  by  considering  the  thermal 
mass  when  determining  the  peak  heating  loads  of  the  roof  component. 

If  very  accurate  thermal  performance  data  is  required,  hour-by-hour 
computer  simulations  must  be  carried  out  to  predict  the  peak  and  annual 
energy  performance  of  the  roof  component  (heating  and  cooling). 

7.  SENSITIVITY  OP  BUILDING  THERMAL  PERFORMANCE  TO  SOIL  TYPE.  A  parametric 
analysis  of  the  thermal  performance  of  earth-contact  surfaces  as  a  function 
of  soil  type  is  presented  below.  Tabulated  results  are  presented  for 
Minneapolis  and  Phoenix. 

The  thermal  performance  of  earth-contact  surfaces  is  very  sensitive  to 
soil  thermal  diffusivity.  To  partially  quantify  these  effects,  computer 
simulation  results  of  the  thermal  performance  of  the  slab-on-grade  and 
full-berm  one- story  buildings,  for  various  soil  types,  are  presented  in 
Tables  11  through  14.  The  two  cases  selected  for  analysis  %rere  modeled 
under  identical  interior  and  weather  conditions.  Only  the  soil  type  and 
level  of  insulation  are  varied.  Simulation  results  (heat  loss  and  gains) 
are  presented  on  an  integrated  annual  basis. 

Several  interesting  points  can  be  drawn  from  Tables  11  and  12  for  the 
slab-on-grade  building.  First,  note  that  the  slab  thermal  performance,  for 
the  three  soil  types,  varies  substantially  from  the  northern  climates 
(Minneapolis)  to  southern  climates  (Phoenix).  For  example,  annual  heat 
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TABLE  11 


Sensitivity 

of  Slab  Thermal 
Slab-on-Grade , 

Performance 

Minneapolis 

to  Soil  Type, 

Annual  Heat  Loss 

Soil  Type 

Btu/ft^  Normalized 

Uninsulated 

Average 

13,187 

100 

Dry 

9,175 

70 

V.  *t 

14,982  , 

114 

Insulated 

Averoge 

10,572 

100 

Dry 

6,183 

58 

Wet 

11,873 

112 

Footiiotes: 

• 

1.  Insulation  thickness  =  4  in  (102  mm). 

depth  =  4  ft-0  in  (2.44  m) 

1  2e  Refer  to  Toble  7  for  thermal  properties  of  the 

three  soil  types. 

1  Btu/ft2  =  ll.3559kJ/m2 

TABLE 

12 

Sensitivity 

of  Slab  Thermal 

Performance 

to  Soil  Type, 

Slab-on-Grade,  Phoenix 

Soil  Amool  Heat  Loss 

Amusl  Heot  Coin 

Type  Btu/ft^ 

Normalized 

Btu/ft^ 

Normollzed 

Uninsulated 

Average  3,134 

100 

466 

100 

Oy  2,868 

92 

105 

22 

Wet  3,396 

108 

764 

164 

Insulafed 

Average  2,125 

100 

193 

100 

Dry  1,638 

77 

103 

55 

Wet  2,3/|7 

110 

218 

no 

1.  Refer  to  Table  5  for  thermal  properties  of  the  three  soil  types. 

2.  Insulation  thickness  =  2  In  (51  mm),  depth  =  4  ft-O  in  (2.44  m). 

1  Btu/ft2.  1 1.3559  kJ/m? 


loss  in  Minneapolis  and  Phoenix  is  reduced  by  approximately  40  percent  and 
20  percent,  respectively,  by  going  from  the  average  to  the  dry  soil.  This 
discrepancy  makes  predictions  for  intermediate  climates  'lifficult.  Second, 
the  thermal  performance  of  the  slab  during  sumraer  months  is  more  sensitive 
to  change  in  soil  type  than  the  thermal  performance  during  winter  months. 
This  is  largely  attributable  to  the  magnitudes  of  heat  fluxes  involved.  In 
Phoenix,  slab  thermal  performance  during  the  summer  months  (heat  gains)  will 
vary  up  to  80  percent  depending  on  soil  type.  Examination  of  Tables  13  and 


TABLE  13 

SenaitivlCy  of  Slab  and  Wall  Thermal  Performance  to  Soil  Type, 
Full  Berm,  1-Story  Minneapolis 


Amuol  Heot  Low 


Soil 

Well 

Slob 

I)E£ 

Btu/ft’ 

^  Normalized 

Btu/ft' 

r 

Normalized 

Uninsulated 

Averoge 

30,808 

100 

8,301 

4,533 

100 

Dry 

23,004 

75 

55 

Insulated 

Wet 

32,737 

106 

9,563 

IIS 

Average 

21,517 

100 

8,550 

100 

Dry 

17,227 

80 

4,612 

54 

Wet 

22,720 

106 

9,886 

116 

Footnotes 

1.  Insulation  thickness  s  4  In  (102  mm),  depth  z  8  ft-0  In  (4.88  m). 

2.  Refer  to  Table  5  for  thermal  preperties  of  the  three  soil  types. 

I  Btu/ft2.  ll.3S59kJ/m2 

16  reveals  that  slab  thermal  performance  is  influenced  to  a  greater  degree 
by  changes  in  soil  type  than  by  the  wall  construction  of  the  full— berm 
one-story  building.  This  is  largely  due  to  the  stronger  coupling  of  the 
floor  to  the  ground  environment  and  the  magnitudes  of  the  heat  fluxes 
involved. 

In  short,  the  simulation  results  presented  in  Tables  11  through  14  can 
be  applied  with  reasonable  accuracy  to  correct  the  heat  flux  data  for 
Minneapolis  and  Phoenix  Heat  Flux  Tables  located  in  Appendix  A  for  very  wet 
or  very  dry  soil  conditions.  Caution  should  be  exercised  when  applying  the 
corrections  for  other  locations.  For  example,  correction  factors  could  be 
obtained  for  other  locations  by  interpolation  based  on  heating  and  cooling 
degree  days.  However,  this  methodology  assumes  that  the  correction  is 
linear,  when  in  reality  it  would  be  non-linear. 

If  extremely  accurate  thermal  performance  data  is  required  for  soil 
conditions  other  than  those  simulated,  separate  simulations  must  be  carried 
out. 
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TABLE  14 

Sensitivity  of  Slab  and  Wall  Thermal  Performance  to  Soil  Type 
Full  Berm,  1-Story,  Phoenix 


ANNUAL  HEAT  LOSS 


Uninsulated 


Insulated 


SOIL 

WALL 

SLAB 

TYPE 

Btu/ft^ 

Normalized 

Btu/ft^ 

Normalized 

Average 

7090 

100 

541 

100 

Dry 

4432 

63 

911 

59 

Wet 

8041 

113 

1763 

115 

Average 

4393 

100 

1570 

100 

Dry 

3318 

76 

921 

59 

Wet 

4880 

III 

1803 

IIS 

ANNUAL  HEAT  GAIN 


Uninsulated 


Insuloted 


SOIL 

WALL 

SLAB 

TYPE 

Btu/ft^ 

Normalized 

Btu/ft^ 

Normolized 

Average 

1329 

100 

477 

100 

Dry 

175 

13 

336 

70 

Wet 

1737 

131 

501 

105 

Averoge 

374 

100 

463 

100 

Dry 

127 

34 

340 

73 

Wet 

535 

143 

494 

107 

1  Refer  to  Table  5  for  thermal  properties  of  the  three  soil  types. 

2  Insulation  thickness  2"  (SI  mm),  depth  9-0"  (2.44  m). 

I  BhVft2»  1 1.3559  kJ/m2 
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Section  19.  DESIGH  EXAMPLES 


1.  GENERAL.  The  design  example  presen'^ed  in  this  Section  is  restricted  to 
a  single  program  and  site,  a  Naval  and  Marine  Corps  Reserve  Center  in 
Cincinnati,  Ohio.  Two  basic  configurations,  a  half-bermed  and  full-bermed 
structure,  are  developed  schematically.  The  life-cycle  analysis  addresses 
the  major  cost  variables  and  utilizes  the  Heat  Flux  Tables  in  Appendix  A  to 
determine  the  energy  performance  of  each  configuration.  One  of  the  two 
configurations  is  carried  through  to  final  schematic  design. 

2.  PROGRAM  REQUIREMENTS.  The  program  divides  into  two  sections:  the 
administrative  functions  and  the  training  functions.  In  terms  of  their 
impact  on  space  conditioning,  the  administrative  portion  is  used  daily  and 
has  a  normal  thermostat  setting— 78*F  (2S.6*C)  for  cooling  and  68*F  (20*C) 
for  heating.  Except  for  some  storage  functions  with  heating  to  55*F 
(12.8*C),  the  training  functions  have  the  same  temperature  requirements  as 
the  administrative  functions.  However,  the  schedule  of  occupancy  for  the 
training  functions  is  intermittent,  normally  with  weekend  occupancy  only.  A 
thermostat  setback  to  55*F  (12.8‘C)  is  required  for  these  functions. 

Table  15  lists  the  required  area  for  each  training  function  according  to 
location  relative  to  an  exterior  wall.  Classrooms,  for  instance,  must  have 
natural  light.  (They  must  also  have  windows  for  fire  rescue  and  ventilation 
if  the  building  does  not  have  an  automatic  sprinkler  system. )  On  the  other 
hand,  the  assembly  room.  Navy  storage,  flammable  storage,  garage,  and 
mechanical  room,  must  be  located  on  an  exterior  wall  for  vehicular  access. 
Table  16  provides  similar  data  for  the  administrative  functions.  A  vehicle 
maintenance  facility  that  is  separate  from  the  main  building  is  also 
required.  The  functions  for  this  part  of  the  program  are  given  in  Table  17. 
A  sumoMry  which  includes  a  projected  estimate  of  total  gross  area  is  given 
in  Table  18. 

3.  TOPOGRAPHIC  FEATURES.  The  site  is  on  the  saioe  zoning  lots  as  the 
existing  reserve  center.  The  existing  main  building  and  ancillary  buildings 
oust  remain  functional  until  the  completion  of  the  new  reserve  center.  The 
site,  in  general,  slopes  from  east  to  west  (see  Figure  79).  The  western 
edge  has  a  slope  of  over  40  percent. 

It  would  be  impractical  to  locate  the  building  near  the  lease  line 
because  surface  drainage  would  be  towards  the  building  with  little  room  for 
a  drainage  swale  to  divert  the  water  around  the  building.  Due  to  the  volume 
of  water  coming  off  the  slope,  catch  basins  would  probably  be  required  to 
prevent  erosion  even  if  a  drainage  swale  could  be  developed.  This  location 
would  also  tend  to  increase  the  amount  of  underground  water  against  the 
backwall  of  the  building. 

Significant  excavation  of  the  sloped  area  will  probably  increase 
construction  costs  in  terms  of  both  excavation  costs  and  construction 
access.  Measures  would  have  to  be  taken  to  evoid  erosion  of  the  slope 
during  construction.  The  stability  of  the  slope  must  also  be  taken  into 
consideration.  A  visual  examination  of  the  actual  site  reveals  evidence  of 
slope  instability  in  the  form  of  old  landslide  scars,  slumps,  and  bowed 
trees. 
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T/IlBLE  15 

Space  Allocation  by  Mechanical,  Natural  Light,  and  Access 
(Training  Functions) 


NET  AREA  IN  SQUARE  FEET 

Functions  with  Intermittent  Use  or  Low  Ambient  Temperature 


Windows  or 
Exterior  Doors 


No  Windows  or 
Exterior  Doors 


Assembly 

Classroom 

Classroom 

Classroom 

Classroom 


roject  Koom 
Dentist 

Medical  Administration 
Doctor 

Storoge  (Medical) 


aminotion  Koom 
Toilet  Room  (Medical) 
Multimedia,  Navy 
Multimedia  storage 
Training  aids.  N 


raming  aids, 
Moi  i-ie  room 
Storage,  Navy 
Storage,  Mcrine 
Armory,  Marine 


ers,  Morine 
Lockers,  Navy 
Drying  Room 
Stiver  Room 
Men's  Toilet  Room 


omen's  Toilet  Room 
Women's  Shower 
Women's  Drying  Room 
Women's  Lo^er  Room 
Janitor. 


oiitor,  Marine 
Flamm^le  Storoge 
Garage 

Mechiwical  Equipment 


Subtotal 
(each  column) 
Subtotal 
(both  columns) 
Circulation 
(15  percent) 


:  0J0929  m^ 
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TABLE  16 

Space  Allocation  by  Mechanical,  Natural  Light,  and  Access 
(Administrative  Functions) 


i. 


NET  AREA  iN  SQUARE  FEET 

Functions  with  doily  use  and  norinol  thermostat  setting. 

Windows  or 

No  Windovrs  or 

Exterior  Doors 

Exterior  Doors 

Recruiting,  Navy 

3QS 

Recruiting,  Marine 

260 

Conference  Room 

1,520 

Crew's  Lounge 

450 

Navy  Active  Administration 

370 

Navy  Unit  Administration 

n25D 

C.O.  Office,  Navy 

240 

Ex.O.  Office,  Navy 

130 

Reserve  Office,  Navy 

135 

Reserve  Office,  Navy 

135 

Office,  Navy 

20(5 

Office,  Navy 

210 

Office,  Navy 

100 

Marine  Active  Administration 

690 

Morine  Unit  Administration 

1.860 

Reserve  Office 

150 

Reserve  Office 

150 

1  and  1  Office 

105 

1  and  I  Office 

105 

Men's  Toilet  Room 

90 

Women's  Toilet  Room 

40 

Janitor 

30 

Walls  and  Partitions 

(5  percent) 

370 

88 

Subtotal 

7,770 

168 

(each  column) 

Subtotol 

7,938 

(both  columns) 

Circulation 

1,190 

(15  percent) 

TOTAL 

9,128 

1  ft^  a  0.0929  m^ 

. -  "  -•  - - 
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TABLE  17 

Program  Area  Tabulation  for  Vehicular  Maintenance  Facility 


Vehicle  Mointenonce  Focility 

2  Boys  Vehicle  Maintenance 
Maintenance  Office 
Tool  Room 
Toiiet  and  Shower 
Lead/ Acid  Battery  Room 
Fiommoble  Storage  ■ 
Silver/Zinc  Battery  Room 
Electrical  Maintenance 
Jeep  Radio  Room 
Radio  Issue 

Communication  Storage 
General  Stoioge 
Mechoiical 
TOTAL  NET 

I  ft^a  0.0929  m^ 


Gross  Areo  in  Squore  Feet 

960 

90 

90 

SO 

75 

65 

60 

240 

170 

45 

575 

390 

SO 

2,1^ 


4.  CONTEXTUAL  CONSIDERATIONS.  In  general,  all  of  the  steeply  sloped  areas 
have  trees  with  some  undergrowth.  The  site  is  much  higher  than  the 
surrounding  terrain  to  the  west  and  offers  an  exceptional  view  in  this 
direction.  Land  use  to  the  east  as  well  as  to  the  north  (see  Figure  79)  is 
residential.  Because  the  site  is  within  view  of  the  residential  areas,  it 
will  be  visually  appropriate  to  minimize  the  industrial  aspects  of  the 
facility  (the  vehicle  maintenance  and  storage  yards,  in  particular).  The 
roof  of  any  single-story  structure  within  the  site  will  be  visible  from  the 
approaches  to  the  east.  If  the  building  elevation  is  set  low  enough  to 
allow  a  full  berm,  the  roof  may  even  be  visible  from  the  entrance  road. 
Consequently,  the  attractiveness  of  the  roof  will  be  a  major  consideration. 


5.  SITE  ACCESS.  Whether  or  not  the  final  building  is  substantially  earth- 
sheltered,  the  slope  of  this  site  allows  handicapped  access  to  a  two-level 
building  without  the  use  of  elevators.  Asstjming  that  the  training  functions 
are  located  on  a  lower  level  and  the  administration  functions  are  located  on 
an  upper  level,  pedestrian  and  vehicular  access  to  the  lower  level  will  be 
from  the  northwest  corner  of  the  site  while  administration  (and  the  main 

entrance)  can  be  accessed  from  the  east. 

1 

6.  [building  orientation.  There  are  basically  three  building  alignments 
that!  are  suggested  by  the  existing  site  features.  These  are:  alignment  with 
the  top  of  the  slope,  alignment  with  any  existing  construction  that  may  be 
retained,  and,  alignment  with  the  approach  road  to  the  north. 
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TABLE  18 

SuEaary  of  Prograsa  by  Zones 


AREAS  IN  SQUARE  FEET 


Functions  which  require  doily  heating  and  air-conditioning  at  normal  ambient 

temperatures  (administrative  functior.s) 

Exterior  wall  location  required 

7,770 

Interior  location  suitable 

168 

Circulation  (estimated) 

1,190 

Subtotal  gross  area 

9,128 

Functions  which  require  only  intermittent  heating  and  air-conditioning  to  normal 
temperatures  and  functions  which  require  only  low-cmbient  temperatures  (training 

functions) 

Exterior  wall  location  required 

8,101 

Interior  location  suitable 

6,867 

Circulation  (estimated) 

2,245 

Subtotal  gross  area 

17,213 

Total  Gross  Area 

26,341 

(main  building) 

Total  Gross  Area 

2,860 

(vehicle  maintenance) 

Total  Gross  Area  fer  Project 

29,201 

I  f =  0.0929 


a.  Alignment  with  the  Slope,  Alignment  with  the  top  of  the  slope  will 
probably  provide  the  most  natural  integration  of  the  building  and  the 
terrain  whether  or  not  the  building  is  earth-sheltered.  Alignment  with  the 
.slope  also  affords  the  best  angle  for  view  to  the  west.  Diagramatically, 
Figure  80  shows  a  two-story  rectangular  building  superimposed  on  this 
portion  of  the  site.  Figure  31  diagrams  the  sane  building  as  a  fully-bermed 
structure.  Note  that  grading  and  excavation  are  minimal  in  the  half-berm 
version.  Figure  81  suggests,  however,  that  extensive  retaining  vails  for 
the  full  berm  building  may  be  required  in  the  final  schematic  design. 


1.4-159 


-  o 


FIGURE  79 

Existing  Site  for  Design  Example 


b.  Alignment  with  the  Road,  Alignment  with  the  road  will  require 
greater  amounts  of  earthwork  than  would  be  required  for  alignment  with  the 
slope  (refer  to  Figures  82  and  83).  The  building  vould  cut  further  into  the 
slope.  In  addition  to  excavating  the  building  area,  additional  land  area 
would  have  to  excavated  to  allow  access  and  provide  natural  light  to  the 
low.'r  floor.  This  orientation,  however,  has  greater  potential  for  passive 
solar  adjustments  than  the  previous  alignment.  Also,  if  the  building  is 
earth-covered  (and  therefore  potentially  ambiguous  architecturally) 
alignment  with  the  road  may  strengthen  the  architectural  definition  of  the 
building. 


FIGURE  80 

FIGURE  81 

Half-Berm  Building 

Full-Berm  Building 

Aligned  with  Slope 

Aligned  with  Slope 

FIGURE  82 

Half-Berm  Building 
Aligned  with  Road 


FIGURE  83 

Full-Berm  Building 
Aligned  with  Road 


c.  Alignment  with  Retained  Buildings  and  Site  Features.  The  location 
of  the  existing  vehicle  maintenance  building  and  the  access  requirements 
suggest  that  as  much  of  the  existing  vehicle  maintenance  facility  be  reused 
and  modified  as  possible.  Other  features  that  might  be  saved  include  the 
flag  pole,  the  stone  retaining  walls  behind  the  vehicle  maintenance 
buildings,  and  the  guardrail  to  the  southwest  of  the  reserve  center. 
Alignment  with  retained  site  features  is  not  diagrammed.  Such  an 
orientation  would  share  in  the  advantages  and  disadvantages  of  the  other  two 
alignments. 
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d.  Preliminary  Geotechnical  Report.  It  is  unlikely  that  the  building 
will  have  the  same  plan  as  assumed  in  the  foregoing  analysis.  However,  this 
level  of  analysifi  allows  a  preliminary  geotechnical  report  to  be  ordered. 

In  addition  to  soil  characteristics  and  ground  water  information,  the 
geotechnical  investigation  should  provide  additional  information  on  the 
stability  of  the  slope.  The  determination  of  the  final  floor  elevation,  and 
therefore  of  the  relationship  to  the  slope,  will  depend  on  the  preliminary 
geotechnical  investigation  and  a  plan  diagram. 

7.  ORIENTATION  FOR  PASSIVE  SOLAR  BENEFIT.  Exterior  walls  that  are  exposed 
for  light,  fire  rescue,  and  ventilation  access  should  also  have  a  favorable 
aolar  orientation  if  riss-jile.  Access  functions  which  do  not  require 
windows,  such  as  vehic  n  and  mechanical  access  can  be  positioned  on  the 
northwest  side. 
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8.  PROTECTION  PROM  WINTER  WIND.  Prevailing  winter  wind  is  from  the 
northwest.  Unfortunately  the  exterior  wall  at  this  point  must  be  exposed 
for  vehicular  access.  However,  the  retaining  wall  which  is  probably 
necessary  in  the  full-berm  configuration  may  provide  some  sheltering. 
Evergreen  trees  are  also  a  possible  buffer. 

9.  EQUALIZATION  OP  FLOOR  AREAS  IN  THE  FULL-BERM  CONFIGURATION.  The  lower- 
and  upper-level  floors  have  significantly  different  areas  (see  Figure  84). 
Equalization  of  the  floor  areas  will  reduce  initial  construction  cost  and 
enable  a  full-bermed  configuration  to  be  developed.  The  half-berm 

t.onf iguration  in  Figure  84  does  not  lend  itself  to  full  berming.  since  it 
would  be  impractical  to  berm  the  wall  of  the  upper  floor  in  the  area  above 
the  roof  of  the  lower  level.  The  structural  costs  for  carrying  that  much 
earth  would  be  excessive.  If  the  functions  are  reversed,  with 
administration  on  the  lower  floor,  full-berming  can  be  accomplished. 

However.  Che  program  requires  Chat  administration  be  located  adjacent  to  the 
lobby  and  Che  main  entrance. 

In  order  to  develop  an  economical  full-berm  configuration,  it  is 
necessary  to  look  at  redistributing  functions  so  that  the  floors  can  be 
equalized.  Tables  IS  and  16  group  the  program  functions  by  mechanical, 
natural  light,  and  access  functions.  -Figure  85  combines  this  information 
with  program  adjacency  requirements.  The  horizontal  line  separates  low  and 
normal  energy  loads.  The  vertical  line  separates  functions  according  to 
ps''imeCer  wall  requirements.  Figure  86  takes  these  groups  and  places  them 
on  different  flours,  according  to  the  adjacency  determined  in  Figure  85. 
Resultant  floor  areas  and  est'maCed  lineal  feet  of  access  required  for  each 
floor  level  are  then  tabulated.  Schematic  section  number  1  in  Figure  86  is 
acceptable  as  a  half  berm  configuration.  Schematic  Section  2  does  not  work 
on  the  site  because  administration  is  not  on  the  entrance  floor.  Schematic 
Section  3  will  probably  not  allow  optimum  full  berming  because  of  the  large 
amount  of  natural  light  access  required  at  the  upper  floor.  Schematic 
Section  4  has  a  similar  problem.  Schematic  Section  5  is  geometrically 
acceptable  for  fuil-berming.  The  window  and  access  requirements  for  both 
floors  are  more  evenly  matched  and  the  floors  are  nearly  the  same  size. 
However,  the  adjacency  of  the  administration  to  lockers  is  undesirable 
without  visual,  acoustical,  and  psychological  separation. 

10.  ALLOCATION  OF  FUNCTIONS  BY  MECHANICAL  REQUIREMENTS.  Section  9,  Space 
Planning,  and  Programming,  provides  guidance  for  locating  the  mechanical 
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FIGURE  84  i 

Schematic  Section  of  Training  and  Administrative  Floors 


Bones  for  optimum  thermal  benefit.  In  the  case  at  hand,  it  must  be 
determined  whether  a  storage  function  with  a  low  thermostat  setting  or  a 
function  such  as  offices,  with  a  norujil  thermostat  setting,  should  be 
located  on  an  earth-sheltered  wall  for  maximum  thermal  benefit.  On  one 
hand,  it  would  appear  that  the  storage  function  would  buffer  the  office 
function  against  the  colder  temperatures  near  the  ground  surface.^  On  the 
other  hand,  the  office  can  obtain  greater  cooling  benefit  by  being  located 
on  an  earth-sheltered  wall  (in  this  particular  climate).  To  get  A  rough 
idea  of  which  arrangement  is  better  from  an  energy  standpoint,  it|  is 
necessary  to  look  at  the  relative  energy  loads  of  each  of  the  two! 
arrangements.  j 

This  is  quickly  done  by  utilizing  the  Heat  Flux  Tables  in  Appendix  A. 
Figure  102  in  Appendix  A  indicates  that  Cincinnati  is  on  the  border  between 
zones  2  and  4.  The  corresponding  cities  for  these  zones  are  Kansas  City  and 
Boston.  Turning  to  Table  38  in  Appendix  A  for  Kansas  City  with  R-20.8 
insulation,  the  appropriate  heat  flux  values  are  selected  for  the  various 
floor  and  wall  components  for  January  and  July  for  "full-berm,  one-story." 
(Average,  rather  than  dry  or  wet,  soil  conditions  are  assumed  for  this 
purpose.) 

Although  one  space  is  heated  to  55*F  (12.8*C)  and  .the  other  to  68*F 
(20*C),  the  reduction  in  heat  flux  will  not  be  proportional  to  the 
difference  in  temperatures  due  to  the  thermal  mass  of  the  earth.  An 
approximate  estimate  of  the  heat  fluxes  for  a  space  with  a  S5*F  (12.8’C) 
thermostat  setting  can  be  obtained  by  slightly  reducing  the  listed  values, 
say  by  5  percent,  but  not  by  20  percent,  which  would  be  proportional  and, 
therefore,  characteristic  of  a  more  steady-state  heat  transfer  (above-grade) 
rather  than  an  earth-sheltered  situation.  Accuracy  at  this  point  is  not  of 
great  e^mcern  since  the  suignitude  of  the  below-grade  heat  loss  is  very  low. 
Because  the  peak  heat  losses  shown  in  Table  38  are  near  the  average 
instantaneous  (hourly)  values,  the  instantaneous  values  will  be  sufficient 
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1.  Letters  are  keyed  to  figure  86. 

2.  Exterior  wail  frontage  is  estimoted  by  exomining  each  room 
for  functional  proportions. 

I  ft^  =  0,0729  m^ 


FIGURE  85 

Spr.ce  Allocation  by  Prograa  Requirements 


for  thia  cenparioon,  Alao,  ventilation  air  need  not  be  considered  for  this 
purpofie  (ventilation  loads  will  tend  to  be  independent  of  the  location  of 
the  zone). 

The  total  hourly  loads  for  t  two  selected  months  are  obtained  as  shown 
in  Fisurca  87  and  88.  The  results  (which  are  approximate)  are  summarized  in 
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(acceptable  for  half-berm  configuration) 


(required  exterior  wall  length  too  long  at  upper  floor) 


(required  exterior  wall  length  too  long  at  upper  floor) 


(geometrically  acceptable  for  full  berm  but  upper  floor 
adjacency  is  questionoble) 
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FIGURE  86 

Space  Allocation  to  Equalise  Floor  Areas 

Figure  89.  Placing  the  office  function,  instead  of  storage,  on  an 
earth-sheltered  wall,  yields  a  small  energy  savings  for  January  and  July. 
Examination  of  the  other  months  will  yield  a  similar  conclusion.  If  Table 
36  in  Appendix  A  is  used  (Boston),  the  advantage  of  the  periiseter  location 
for  the  office  will  be  isore  pronounced.  This  can  be  seen  by  visual 
inspection  of  the  values  in  Table  36  and  by  comparing  these  to  the  values  in 
Table  38.  If  less  insulation  is  used,  the  same  conclusion  holds.  This  also 
is  evident  by  visual  inspection  of  the  values  in  Tables  29  and  31. 
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Instantaneous  Below-<lrade  Heat  Flux  with  Office  on  Earth-Contact  Wall 
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FIGURE  88 

Inatantaneous  Below-Grade  Heat  Flux  with  Storage  on  Earth-*Coatact  Wall 
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Cooperison  of  Energy  Cost*  for 
Different  Functions  Located  on  Eerth-Contact  Wall 


la  addition  to  the  calculated  benefit,  placing  the  office  function  on 
the  earth-sheltered  wall  will  improve  the  human  comfort  level  since  the 
surface  temperature  of  the  earth-sheltered  wall  is  likely  to  be  warmer  in 
winter  and  cooler  in  summer  than  an  above-grade  wall.  The  same  is  true  in  a 
southern  climate  except  that  that  the  mechanical  cooling  benefit  to  be 
derived  from  the  earth-sheltered  wall  is  minimal. 


Based  on  the  foregoing  analysis,  functions  with  cooling  loads  should  be 
located  against  the  earth-sheltered  wall- — if  there  are  no  other  factors 
(such  as  programmatic  requirements)  that  would  suggest  a  different  location. 

11.  OPTIMIZATION  OF  SURFACE-TO-VOLUME  RATIO  AS  A  FUNCTION  OF  MECHANICAL 
ZONES.  Where  office  functions  are  involved  and  there  is  no  thermostat 
setback,  the  preceding  analysis  would  indicate  that  the  interior  zones 
should  be  minimized  and  that  the  perimeter  earth-sheltered  zones, 
maximized.  This  would  increase  the  surface-to-volume  ratio.  However,  for 
the  functions  with  no  or  very  little  internal  gains  for  five  days  of  the 
week  (such  as  the  training  functions),  heating  loads  will  probably  be 
incurred,  making  it  more  beneficial  to  reduce  the  surface  to  volume  ratio. 

On  the  other  hand,  on  the  weekends,  when  these  functions  are  occupied,  the 
greater  surface-to-volume  ratio  would  be  more  beneficial.  To  quantify  this 
trade-off,  an  analysis  similar  to  the  preceding  one  can  be  performed  for 
similar  zones,  one  on  an  earth-sheltered  wall  and  the  other  in  an  interior 
zone.  Such  an  analysis  will  show  that  it  takes  very  little  internal  gain  to 
offset  the  heat  loss  in  winter  for  the  perimeter  location.  In  this  case, 
approximately  0.05  to  0.1  vatt/ft^  (0.5  to  1.1  watt/m^)  (of  floor  area) 

is  sufficient  to  do  this. 

However,  the  surface-to-volume  ratio  of  the  below-grade  spaces  which 
have  a  significant  cooling  requirement  will  be  primarily  a  function  of 
programmatic  requirements  and  construccion  costs  (see  paragraph  12,  below). 
But,  if  the  storage  spaces,  which  have  no  cooling,  end  up  in  the  perimeter 
earth-sheltered  zones  for  prograsanatic  reasons,  the  surface-to-volume  area 
of  these  zones  can  be  reduced  to  lower  the  minimal  heating  requirement  of 
these  zones. 

12.  SURFACE-TO-VOLUME  RATIO  AS  A  FUNCTION  OF  CONSTRUCTION  COST.  Costs  per 
lineal  foot  of  earth-sheltered  wall  nay  be  at  least  il50  per  lineal  foot  of 
a  14-foot  high  wall  including  costs  for  concrete,  footings,  drain  tile, 
waterproofing,  insulation,  excavation  outside  the  wall,  and  backfill  against 
the  wall*  The  preceding  analysis  for  piecing  storage  or  offices  in  a 
perimeter  zone  suggests  that  the  et:ergy  s&vings  to  be  derived  from  putting 
functions  with  cooling  requirements  in  an  earth-sheltered  perimeter  zontt, 
rather  than  an  interior  zone  will  be  less  then  il  per  lineal  foot 

(^1/300  mm)  of  wall  per  year.  Also,  the  length  rf  mechanical  ducts  may  have 
tc  be  increased  with  a  less  compact  plan.  On  the  other  hand,  departing  from 
a  square  or  compact  plan  will  tend  to  diminish  the  number  of  interior 
columns,  and  depending  on  the  firefighting  access  provided,  may  eliminate 
the  requirement  for  a  sprinkler  system. 

Consequently,  for  a  building  of  this  scale,  energy  considerations  do  not 
affect  the  life-cycle  benefit  of  increasing  the  surfsce-to-volume  ratio  for 
the  earth-sheltered  portions  of  the  building.  Tlie  main  determinant  of 
aspect  ratio,  in  terms  of  lifv*-cycle  costs,  will  be  the  trade-off  of  reduced 
wall  costs  and  the  additional  costs  of  an  automatic  fire  protection 
system— nfhich  would  be  required  for  the  building  if  some  areas  were  more 
than  75  feet  (22  860  mm)  from  an  exterior  access  panel  or  window  (see 
Section  12,  Fire  Protection  and  Life  Safety,  Paragraph  4). 

13.  SURFACE-TO-VOLUME  RATIO  LIMITATIONS.  A  lov  aspect  ratio  will  be  limited 
by  the  program  requirements  for  exterior  access.  Another  factor  is 
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life-safety  access.  It  is  possible  to  design  the  building  without  an 
automatic  sprinkler  system  provided  that  the  requirement,  of  Section  12, 
paragraph  4  are  met. 

14.  DETERMIHATION  OF  DEPTH  OF  EARTH-SHELTERING  AS  A  FUNCTION  OF  THERMAL  LAG. 
Other  factors  notwithstanding,  it  is  desirable  to  place  the  lower  floor 
elevation  so  that  the  average  wall  and  floor  slab  area  is  sufficiently 
removed  from  the  ground  surface  for  theraial  buffering  yet  is  close  enough  to 
the  surface  to  take  advantage  of  seasonal  thermal  lag.  This  cannot  be 
accurately  determined  with  the  available  data;  the  following  analysis  can  be 
done,  however. 

a.  Zones  With  Heating  Only.  The  further  from  the  ground  surface,  the 
lower  the  heat  loss  will  be  for the  zones  with  heating  only. 

b.  Zones  With  Cooling  and  Heating  Without  Thermostat  Setback.  A 
comparison  of  a  half-berm  and  full-berm  structure  is  possible  based  on  the 
data  in  the  Heat  Flux  Tables.  Consider  the  sample  office  space  in  Figure 
87.  If  similar  calculations  are  performed  using  Table  38  for  a  half-berm 
configuration — 5  feet  (1S3U  ms)  of  depth  as  opposed  to  13  feet  (3960  mm)  of 
depth— the  following  result  is  obtained  for  July:  the  average  heat  loss 
(due  to  thermal  lag)  for  the  slab  and  wall  (level-1)  is  248  Btu/hour.  This 
is  equivalent  to  0.36  watts/ ft^  of  floor  area.  In  January,  the  average 
heat  loss  for  the  office  space  would  be  315  Btu/hr  or  0.45  watts/ft^  of 
floor  area.  By  comparison,  the  values  calculated  in  Figure  87  are 
equivalent  to  0.62  watts/ft^  and  0.53  watts/ft^  for  July  and  January 
respectively. 

Thus  it  appears  likely  that  internal  gains  (of  3  watts/ft^  of 
floor  area  during  occupied  hours)  will  more  than  offset  the  below-grade  heat 
loss  regardless  of  the  depth.  If  the  "wall  level-1"  heat  loss  values  in 
Table  38  are  examined  for  all  of  the  months  for  the  13  foot  depth 
("full-berm  one-story"  values  in  the  table),  it  will  be  seen  that  the 
greatest  heat  loss  is  in  April.  This  would  be  in  May  if  Table  36  (Boston) 
were  used.  The  highest  heat  loss  for  the  perimeter  slab  would  be  in  July. 

c.  Zones  With  Both  Cooling  and  Heating  and  Temperature  Setback.  Zones 
which  require  cooling  but  also  have  a  thermostat  setback  will  behave 
similarly  to  both  types  of  zones  examined  above  in  terms  of  below-grade  heat 
loss.  However,  the  temperature  setback  will  increase  the  heat-sink  capacity 
of  the  earth  mass  and  will  result  in  a  greater  beneficial  heat  loss  during 
the  cooling  mode. 

15.  DETERMINATION  OF  DEPTH  OF  EARTH- SHELTERING  AS  A  FUNCTION  OF  CONSTRUCTION 
COSTS.  Construction  costs  will  not  be  quantified  at  this  point.  However, 
the  following  observations  can  be  made: 

First,  the  preliminary  geotechnical  report  (which  was  obtained 
immediately  after  the  building  site  was  chosen)  indicates  that  a  thick  layer 
of  fill  covers  the  site.  This  fill  would  have  to  be  removed  in  the  area  of 
the  building.  This  would  place  the  bearing  elevation  of  the  footings  for 
the  half-berm  structure  on  weathered  glacial  till  which  should  support  the 
anticipated  loads  with  a  long-term  settlement  that  would  be  within  tolerable 
limits  (approximately  1  inch  (50  mm)).  In  order  to  provide  a  maximum 


practical  thickness  for  this  stiffer  glacial  till,  the  lowest  floor 
elevation  should  be  approKimately  713  feet  (217  m)  above  sea  level.  Below 
this  layer,  at  the  bearing  elevation  of  a  full-berm  structure,  the  footings 
would  rest  on  less  compact  strata.  Building  settlement  would  probably 
exceed  1  inch  (50  mm),  especially  with  earth  loads  on  the  roof.  The  report 
recocanends  that  thin-wall  steel-shell  cast-in-place  concrete  piles  or 
augered  intrusion  grout  piles  be  used  below  the  footings.  Drilled  piers 
would  encounter  ground  water  at  the  depths  required  for  penetration  and, 
therefore,  are  not  recommended. 

16.  UTILITIES.  The  selected  building  location  is  near  the  existing 
utilities  to  the  north  (see  Figure  79).  The  invert  elevations  of  the  storm 
and  sanitary  sewers  are  low  enough  to  avoid  sumps  and  pumping  for  floor 
elevations  as  low  as  700  feet  (213  m)  above  sea  level. 

17.  STRUCTURAL  SYSTEMS.  Appropriate  structural  systems  are  evaluated  for 
economy  and  suitability  to  earth  cover.  Considering  the  lateral  bracing  of 
the  foundation  wall,  the  extensive  amount  of  concrete  for  below-grade  walls, 
and  local  construction  factors,  a  concrete  structural  system  is  chosen.  A 
pan-joist  system  is  most  economical  for  the  larger  spaces.  Rather  than 
mixing  systems,  the  pan- joists  will  be  used  in  the  other  areas.  Reuse  of 
forms  in  these  areas  should  make  pan-joists  more  economical  than  a  mix  of 
pan- joist  and  waffle  slab  construction. 

Preliminary  structural  design  must  be  done  on  representative  conditions 
to  allow  costing  for  life-cycle  analysis.  Structural  slabs,  foundation 
walls,  columns,  footings,  and  piles  must  be  designed  for  the  bay  sizes  and 
loads  indicated  by  the  preliminary  plans. 

18.  DIAGRAMMATIC  PUN  FOR  2-STORY  FULL-BERM  BUILDING. 

a.  Full-Berm  Configuration.  The  preliminary  plan  for  the  full-berm 
configuration  is  based  on  schematic  section  number  5  shown  in  Figure  86. 

The  classroom,  medical  and  administrative  functions  are  located  in  a 
two-story  wing  to  the  southwest.  The  orientation  of  this  wing  takes 
advantage  of  the  view  to  the  west  while  reducing  afternoon  summer  solar  gain 
by  facing  suuthweat  rather  than  west.  The  lockers,  storage  functions, 
garage,  and  vehicle  assembly  (functions  which  do  not  require  daylighting  or 
views)  are  located  in  a  two-story  block  to  the  northeast.  The  orientation 
of  this  block  allows  vehicle  access  to  the  garage,  flammable  storage,  and 
the  assembly  function.  The  two  wings  are  separated  by  a  linear  two-story 
skylighted  wtrium. 

An  interior  ramp  in  the  southeast  end  of  the  atrium  allows  the  main 
floor  elevation  to  be  depressed  below  grade  without  any  exterior  raaq>s  or 
depressed  entrances.  The  ramp  enclosure  also  eliminates  snow  and  ice  on  the 
rsnp.  Because  the  rcof  is  earth-covered,  the  linear  nature  of  the  atrium 
and  entrance  helps  organize  the  building  visually.  The  relationship  to  the 
other  site  features  is  reinforced  by  aligning  the  continuous  linear  form 
with  other  linear  site  elements.  Thus  a  prims'^  design  axis  is  set  up.  The 
entrance  road,  flagpole,  and  vehicular  turnaround  define  a  secondary  access 
(see  Figure  90). 
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1.  Meclvriical  room  (unheated). 

2.  Storage,  vestibule,  or  exit  encimure 
55  deg.F(l2.8dtg.C)min. 

3.  Low  overoge  intemol  gain,  £8  deg.  F. 

(20  deg.  C)  min,  78  deg.  F  (25.6  deg.  C)  mux-, 
setback  temperature  (4  days  per  week)  i 
55  deg.  F  (12.8  dsy.  C) 

4.  Normal  overoge  internal  gain  (some  criteria 
os  3  cbove). 

5.  Vestibule  or  corridor  (some  criteria  os  3 
above). 

6.  Toilets,  low  overoge  internal  gain. 

7.  Ncrmol  internal  gain,  68  deg.  F  (20  deg.  C) 
nien.  73  deg.  F  (25.6  deg.  C)  max.,  no 
ttrv^roture  setback. 

8.  Some  os  5  (2-sircry  spoce). 

9.  Ur  enclosed. 


FIGURE  91 

Preliminary  Schematic  Plan  of  Full-Berm  Building — Upper  Level 


All  fire  exiting  is  either  downward  or  horizontal.  The  horizontal 
depth  of  the  building  is  such  that  fire  access  can  be  provided  in  lieu  of  ai.t 
automatic  sprinkler  system. 

Access  for  maintenance  and  fire-fighting  is  provided  by  maintaining 
a  relatively  flat  area  on  the  southwest  side  of  the  building.  This  also 
allows  a  setback  from  the  top  of  the  slope.  This  reduces  the  load 
superimposed  on  the  top  of  the  slope.  The  setback  from  the  slope  may  have 
to  be  increased  further,  however,  depending  on  the  recommendations  of  the 
final  geotechnical  report  (to  be  orderi^d  after  life-cycle  costing).  The 
roads  are  designed  with  an  inverted  crown.  All  surface  drainage  employs 
catch  basins  to  avoid  erosion  of  the  slopes.  The  catch  basin  at  the  service 
drive  on  the  northwest  carries  water  to  an  energy  dissipater  to  be  located 
at  the  toe  of  the  slope.  Cut  and  fill  has  not  been  balanced  at  this  point. 
Excess  material  may  be  used  to  form  berms  to  help  screen  the  vehicle 
maintenance  facility  or  parking,  however.  Or,  the  berms  may  be  used  to  help 
reinforce  the  formal  cross-axis  arrangement  of  the  site.  Planting  within 
the  parking  area  can  be  used  to  reinforce  the  primary  axiu. 

The  diagrammatic  floor  plans.  Figures  91  and  92,  will  be  used  to 
determine  the  relative  life-cycle  cost  of  this  configuration. 

b.  Half- Berm  Configuration.  The  preliminary  site  plan  for  the 

half-berm  building  (refer  to  Figure  93)  is  similar  to  '.he  site  plan  for  the 
full-bem  building  in  terms  of  access  and  surface  drainage.  However,  the 
organization  of  the  site  and  the  building  are  substantially  different.  In 
terms  of  site  development,  it  is  not  essential  that  parkia-  ana  vehicle 
maintenance  reinforce  the  building  entrance  in  the  way  it  does  for  the 
full“berm  building.  Rather,  in  -his  case,  enough  of  the  building  is  exposed 
above  grade  that  the  building  can  adequately  define  the  entrance  without 
assistance  from  the  site.  Nevertheless,  the  site  plan  organization  for  the 
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ZONES  BY  TEMPERATl^  RtiQUREMENTS 

1.  Mechanical  room  (unheoted). 

2.  Storoge,  vestibule,  or  exit  endosure 
S5  deg.  F  (I Z8  deg.  C)  min. 

3.  Low  overage  interroi  gain,  £8  deg.  F. 

(20  deg.  C)  min,  /  J  de^  F  (2S.£  d^.  C)  nMX. 
setback  temperature  (4  days  per  week)  x 
SSdeg.F(l48deg.C) 

4.  Normal  average  interrni  gain  (some  criteria 
as  3  above). 

5.  Vestibule  or  corridor  (rame  criteria  os  3 
above). 

6.  Toilets,  low  average  interrni  gain. 

7.  Normal  interrni  gain,  £8  deg.  F  (20  deg.  C) 
min.  78  deg.  F  (2S.£  deg.  C)  max.,  no 
temperature  setback. 

8.  Some  os  5  (2-st<ry  space). 

9.  Unendoeed. 
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FIGURE  92 

Preliminary  Schematic  Plan  of  Full-Berm  Building— Lover  Level 


full-barm  building  could  be  beneficially  used  for  the  half-berm  building. 
This  could  be  further  considered  after  the  life-cycle  cost  comparison  is 
complete. 

The  basis  for  the  plan  of  the  half-berm  building  is  schematic 
section  number  1  shown  in  Figure  86.  Of  the  five  sections  in  Figure  86, 
section  1  has  the  best  allocation  of  functions  in  terms  of  adjacency 
requirements.  Because  of  this  and  because  equalization  of  floor  area  is  not 
a»  critical  for  the  life-cycle  economy  of  the  half-berm  configuration,  the 
lower  floor  is  considerably  larger  than  the  upper  floor.  The  lower  floor  is 
below-grade  on  two  sides  and  exposed  on  the  southwest  and  northwest  sidec 
for  view,  natural  light,  and  access.  The  upper  floor,  housing  the 
administrative  functions,  is  completely  above-grade.  The  entrance  to  the 
upper  floor  is  on  grade.  The  approach  to  the  entrance  is  across  an  open 
courtyard  that  is  also  the  roof  of  the  lower  floor.  The  wall  around  the 
courtyard,  in  addition  to  defining  the  entrance  forecourt  or  courtyard, 
prevents  vehicles  from  driving  onto  the  earth-sheltered  roof.  This  will 
result  in  lower  structural  costs,  although  the  savings  will  be  partially 
offset  by  the  cost  of  the  courtyard  wall.  The  upper  floor  is  positioned  so 
that  the  triew  to  the  west  is  not  across  a  roof.  The  administrative  spaces 
are  divided  into  Navy  and  Marine  functions  and  placed  in  separate  wings  with 
the  lobby  functions  located  in  the  middle  (refer  to  Figure  94).  A 
lightweight  arc  ide  runs  along  the  courtyard  side  of  each  wing.  The  arcade 
on  the  north  wing  provides  passive  shading;  the  arcade  along  the  south  wing 
provides  a  covered  walk  to  the  entrance.  The  arcades  are  directly  above  the 
corridors  of  the  lower  floor  (refer  to  Figure  95).  One-half  of  the  width  of 
each  arcade  consists  of  a  continuous  skylight  which  daylights  the  corridor 
below. 
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FIGURE  93 

Preliminary  Site  Plan  for  Half-Berm  Building 
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ZONES  BY  TEMPERATURE  REQUIREMENTS 

1.  Mechanical  room  (unheated). 

2.  Storage,  vestibule,  or  exit  enclosure 
55  deg.  F  (12.8  deg.  C)  min. 

3L  Low  average  internol  gain,  £8  deg.  F. 

(20  deg.  C)  m'n,  78  deg.  F  (25.£  deg.  C)  max. 
setback  temperature  (4  da/s  per  week)  ■ 

55  deg.  F  (12.8  deg.  C) 

4.  Normal  overage  interna'  gain  (some  criteria 
or  3  above). 

5.  Vestibule  or  corridor  (some  criteria  as  3 
above). 

£.  Idilets,  low  overage  Internal  gain. 

7.  Normal  internal  gain,  £8  deg.  F  (20  deg.  C) 
min.  78  deg.  F  (25.£  deg.  C)  max.,  no 
temperature  setback. 

8.  Some  os  5  (2-story  space). 

9.  Unenclosed. 


FIGURE  94 

Preliminary  Schematic  Plan  of  Half-Berm  Building — Upper  Level 


The  square  plan  of  the  lower  floor  level  (Figure  95)  is  |>rimarily  a 
result  of  the  organisational  concept  of  the  building.  Aspect  ratio,  as 
previously  determined,  is  not  an  energy  consideration  for  the  below-grade 
spaces.  However,  almost  one-half  of  the  exterior  wall  is  exposed  above 
grade  fur  light  and  access.  The  classroom  spaces  which  are  normally  placed 
with  the  long  room  dimension  parallel  to  the  windows  are  turned 
perpendicular  to  the  windows  to  reduce  heat  loss,  primarily  during  the 
unoccupied  hours. 

Exiting  from  the  lower  floor  is  upward  except  for  supplementary 
exits  located  at  the  assembly  room  and  the  garage.  The  exit  at  the  assembly 
room  also  serves  as  a  handicap  access  to  the  lower  flooL  level.  Unlike  the 
full-berm  configuration,  the  half-berm  configuration  must  be  sprinklered 
because  of  the  depth  from  the  exterior  exposed  wall  and  direction  of  exiting. 

19.  AREA  TAKEOFF  AND  UNIT  PRICING.  Only  the  conditions  and  quantities  which 
vary  between  the  alternatives  are  costed.  The  cost  of  the  interior 
partitions  and  stairs,  for  instance,  are  assumed  to  be  invariant.  Two 
alternatives  to  the  half-berm  configuration  are  initially  examined:  a 
full-berm  building  with  earth  cover  and  a  full-berm  building  without  earth 
cover.  This  allows  the  total  cost  of  earth  cover— which  affects  structure, 
mechanical  systems,  energy  consumption,  maintenance  and  repairs,  as  well  as 
the  roof  system  itself — to  be  examined  separately. 

20.  ENERGY  PREDICTIONS  AND  MECHANICAL  SYSTEMS  COSTS.  Wall  systems  and 
insulation  thicknesses  are  first  defined.  The  insulation  thickness  chosen 
for  above-grade  walls  and  roof  areas  are  based  on  minimum  NAVFAC 
requirements  for  the  region.  Insulation  for  below  grads  walls  is  determined 
from  Table  3  in  Section  14,  Insulation.  Other  insulation  thicknesses  may  be 
analyzed  later  following  the  initial  life-cycle  analysis. 


1.4-176 


I 


-j,  -.»*»  '.'  ’■r  ■ 


,  -T  '■•-«  •  w  V  V V*.*  **  V  ”>  V  *•'* *>  V"J**.*  *.*"■•  ■•*  *-*  V.*-*  V  V 

.  i» 

i 

14  ■ 


0  n  to  n  VO 


ZONES  BY  TEMPT'-  VTURE  REQUiREMENTS 


I. 

2* 


■'  /  aO  - 

y& 

.  '-'X-t--. 


5- 

& 

7. 


8. 

9. 


Mechanical  room  (unheoted). 

Storage,  vestibule,  or  exit  enclosure 
SS  deg.  T  ( 1 2,8  deg.  C)  min. 

Low  overage  internal  goin,  £8  deg.  F. 

(20  deg,  C)  min,  78  deg,  F  (25.6  deg.  C)  max. 
setback  temperature  (4  days  per  week)  a 
55  deg.  F  (12,8  deg.  C) 

Normal  average  internal  gain  (same  cfiterio 
as  3  above). 

Vestibule  or  corridor  (same  criteria  os  3 
obove). 

Toilets,  low  overage  internal  gain. 

Normal  Internal  gain,  £8  deg.  F  (20  deg.  C) 
min.  78  deg.  F  (2S.£  deg.  C)  max.,  no 
temperature  setback. 

Some  os  5  (2>story  space). 

Unenclosed. 


FIGURE  95 

Preliminary  Schematic  Plan  of  Half-Berm  Building — Lower  Level 


The  temperature  requirementa  and  internal  loads  for  each  room  or  space 
are  identified  in  plan  (see  Figures  91,  92,  94  and  95). 

For  this  particular  building,  the  energy  calculations  are  the  most 
laborious  aspect  of  the  life-cycle  cost  analysis.  Energy  requirements  for 
the  representative  zones  are  determined  using  the  variable  bin  method 
described  in  Section  18,  Energy  Calculations.  For  each  zone  (above-grade 
and  below-grade) ,  this  must  be  done  for  each  month  and  each  bin  condition. 

To  facilitate  the  calculations,  the  worksheet  method  described  in  Section  18 
can  be  computerized.  The  worksheet  method  for  one  zone  with  temperature  set 
backs  and  a  varying  occupancy  schedule  may  take  as  much  as  eight  manhours  of 
work  if  done  by  hand.  Writing  the  computer  program  may  be  more  expedient  in 
the  long  run. 

The  zone  energy  requirements  (load  calculations)  should  be  saved  as  an 
intermediate  result.  These  results  can  then  be  modified  to  predict  new  zone 
energy  requirements  when  certain  building  parameters  are  altered— for 
instance  an  earth-covered  roof  that  is  replaced  with  a  conventional  roof. 

After  obtaining  the  total  annual  energy  requirements,  the  estimated  peak 
loads  must  be  calculated  based  on  the  procedure  described  in  Section  18. 

From  the  peak  loads,  the  equipment,  and  system  costs  can  be  obtained. 

21.  LIFE-CYCLE  COST  FACTORS.  Life-cycle  cost  factors  are  obtained  directly 
from  HAVFAC  for  each  project.  These  include  discount  factors,  spending 
escalation  rates  and  the  life-cycle  cost  period.  It  is  extremely  important 
that  these  factors  be  carefully  considered  to  reflect  the  best  economic 
predictions  currently  available  from  NAVFAC.  See  Section  5,  Life-Cycle 
Costing,  for  a  sensitivity  analysis.  See  also,  NAVFAC  P-442  for  the 
prescribed  procedure  for  life-cycle  analysis. 
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Certain  maintenance,  repair,  and  replacement  costs  must  also  be  included 
in  the  life-cycle  analysis.  Refer  to  Section  5  and  NAVFAC  P-442  for 
criteria. 
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22.  RESULTS  OF  LIFE-CYCLE  ANALYSIS.  The  life-cycle  cost  analysis  is 
summarized  in  Table  19.  Both  of  the  full-berm  alternatives  have  lower 
life-cycle  costa  than  the  half-berm  alternative  as  initially  defined.  In 
order  to  check  the  validity  of  this  comparison,  certain  adjustments  are  now 
made  to  the  half-berm  building  to  arrive  at  new  life-cycle  costs  for  the 
full-berm  alternatives.  Because  these  are  changes  to  the  life-cycle  basis 
they,  in  effect,  increase  or  decrease  the  relative  cost  of  the 
alternatives.  To  lower  the  basis,  the  following  changes  are  made: 


a.  Elimination  of  Sprinkler  System.  To  eliminate  the  sprinkler 
system,  the  classification  of  the  building  as  an  "underground  building"  must 
be  dropped.  To  do  this,  the  configuration  of  the  building  must  be  changed 
to  reduce  Che  building  depth  from  exterior  fire  access  (according  Co  the 
criteria  in  Section  12,  paragraph  4).  For  now,  it  is  assumed  that  the 
earth-covered  portion  of  Che  building  can  be  relocated  ou  the  west  side  of 
Che  building.  The  unit  prices  and  unit  energy  requirements  previously 
obtained  are  applied  to  the  new  configuration.  The  configuration  is  not 
worked  out  in  plan  but  is  assumed  to  be  workable  for  now.  The  net  result 
(after  considering  additional  energy  and  maintenance  costs)  increases  the 
relative  life-cycle  cost  of  each  of  the  full-berm  alternatives  by  $1,000  as 
shown  in  Table  20.  This  is  labeled  a  "loss"  for  the  full-berm 
configurations. 


b.  Elimination  of  Skylight  and  Arcade.  With  the  redistribution  of  the 
half-berm  building,  the  skylights  which  once  served  to  light  deep  interioi 
space  are  no  longer  as  important.  The  skylight  can  now  be  omitted. 

However,  Che  intangible  loss  to  Che  habitability  of  the  building  should  be 
recognized.  The  skylight  in  the  full  berm  configuration  cannot  be  so  easily 
eliminated  because  natural  light  would  then  be  absent  in  much  of  the 
building. 


With  the  earth-covered  lower  floors  relocated,  the  vehicular 
dropoff  can  be  located  close  to  Che  main  entrance.  This  reduces  the 
importance  of  the  arcade.  Consequently.,  the  arcade,  as  well  as  Che 
skylight,  can  be  omitted.  The  net  result  is  a  $35,000  savings  for  the 
half-berm  building — or  in  terms  of  the  full-berm  altem.itive3,  a  $35,000 
loss. 


c.  Elimination  of  Earth-Cover  on  the  Half-Berm  Building.  Finally,  by 
examining  the  energy  and  cost  figures  iov  the  earth-sheltered  roof  for  the 
full-berm  alterracives,  a  rough  estimate  may  be  obtained  for  eliminating  the 
earth-cover  in  the  half-berm  configuration.  The  life-cycle  discounted 
energy  savings  for  earth-cover  are  about  $500  more  than  the  life-cycle 
discounted  costs  fo.*  maintaining  the  grass  on  Che  roof.  However,  the 
initial  architectural  and  structural  savings  obtained  amount  to  $37,000. 

Thus  Che  relative  cost  of  the  full-berm  alternatives  is  increased  by  $37,000. 
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TABLE  19  (Continued  on  next  page) 
Summary  of  Life-Cycle  Cost  Analysis 


ASSUMED  ECONOMIC  FACTORS  FOR  THIS  PROJECT  (Ob‘oined  from  NAVFAC) 

Life-Cycle  Period  =  25  yeors 

General  Inflation  Rate  =  Xi9 

Discount  Factor  =  .07  *  general  inflation  rate 

Full  Berm 

Full  Berm 

Without  Earth 

With  Eorth 

INITIAL  CONSTRUCTION  COSTS 
RELATIVE  TO  HALF  BERM  BUILDING 

on  Roof 

on  Roof 

Exterior  Above-Grade  Wall 

Exterior  Below-Grade  Wall,  including 

$  -6,300 

$  -8,300 

Waterproofing  and  Insulation 

*38,800 

♦38,800 

Windows 

-29,100 

-29,100 

Sl<yli^t  and  Skyli^t  Curb 

♦53,700 

♦53,700 

Metal  Roof,  including  Insulation 

Built-Up  Roof,  including  Roof  Insulation 

♦29,800 

♦  29,000 

and  Roof  Structure 

♦42,800 

-143,800 

Roof  Flashing,  Parcpets 

Earth  Covered,  including  Soil  Gravel 
Layer,  Insulation,  Waterproofing  Roof 

-2,300 

-4,700 

Structure  and  Irrigation  System 

-109,400 

♦  122,900 

Footings  at  Foundation  Wall 

-11,000 

-11,000 

Slob  on  Graoe 

-8,100 

-8,100 

Structural  Floor 

♦  19,900 

♦  19,900 

Sprinkler  System 

-38,500 

-38,500 

Canopy  and  Sun  Screen 

-:  1,500 

-11,500 

Retaining  Wall 

♦8,900 

♦8,900 

Columns  and  Footings,  including  Piles 
(when  applicable) 

-l,60>} 

♦ii.loo 

♦40,800 

Bulk  Excavation 

♦11,700 

Berm  (Fill) 

♦  I8,(^ 

♦  18,000 

Foundation  Backfill 

♦7,8^ 

♦7,800 

Mechcnical 

-48,0(io 

-80,000 

Total  Construction  Soving/Loss  -$33,60^9  (savings)  4^$38,I00  (loss) 
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TABLE  19  (Continued) 

Suamary  of  Life-Cycle  Cost  Analysis 


Cku  Spending  Escalation  Ratet  s  J)8  4-  general  inflation  rote 

Electricity  Spending  Escalation  Rate:  :  .07  *  general  inflation  rote 

Mointehonce  Spending  Escalation  Rate:  a  JX)  *  general  inflation  rate 

Midpoint  of  funding  to  start  of  sovirgs  occruol  a  .5  years 


2. 

ENERGY  COSTS 

RELATIVE  TO  HALF  BERM  BUILDING 

OPERATIONAL  COSTS 

Full  Berm  Full  Berm 

Without  Earth  With  Earth 

on  Roof  on  Roof 

Natural  Gas 

-$  820/yeor 

-$  85r/year 

Electricity 

.1,300/year 

-1,904/year 

Total  25-Ye<r  Cumulative  Discounted 
Energy  Sovings/Loss 

-$54,500  (savings) 

-$69,900  (savings) 

3. 

MAINTENANCE 

RELATIVE  TO  HALF  BERM  BUILDING 

Grass  Fertilization 

-$200/year 

♦$ 190/year 

Grass  Mowing 

-270/year 

♦250/year 

Watering 

-200/year 

♦190/year 

Window  Cleoninq 

♦70/year 

♦70/year 

Total  25-Ye<»  Cumulative  Discounted 
Mainterxmce  Savings/Loss 

-$7,300  (savings) 

♦$8,500  (loss) 

4. 

MAJOR  REPAIRS 

RELATIVE  TO  HALF  BERM  BUILDWG 

Total  25-Yeor  Cumulative  Discounted 
Repairs  for  Built-Up  Roof  Replacement, 

Painting,  Equipment  Replacement  -$1,000  (scrdnqs)  -$5,000  (sovinqs) 

5.  TOTAL  LIFE-CYCLE  SAVINGS/LOSS  -$96,400  (savings)  -$28,300  (savings) 


I 


-•»  W*  .«•  J»  fc  *  *  • 


'  fc  •  •  •%  •v  ^  \  .  •  k'**  w ■•.**■• 


TABLE  20 

Adjustments  to  Life-Cycle  Cost  Analysis 


COST  ADJUSTMENTS  TO  FULL  BERM  BUILDINGS  RELATIVE  TO  HALF  BERM  BUILDING 


I.  Change  configuration  of  holf-berm  building 
to  eliminate  sprinkler  system. 


Additioral  Backfilling 
Additional  Windows 
Additional  Wall  Area 
Eliminate  Sprinkler  System 
Energy,  Maintenance  Repairs 
SUBTOTAL 


Foil  Berm  Without 
Earth  Cover  on  Roof 

•$4,000 
-«,000 
-20,000 
^38,000 
-7.000 
«l,000  (loss) 


2.  Omit  skyli^t  and  arcade  on  half-berm  building. 

Initial  Construction  +34,000  (loss) 

Er>ergy,  Maintenance,  Repairs  +1,000  (loss) 

SUBTOTAL  +35,000  (loss) 


3.  Omit  earth-cover  on  lower  roof  of  half-berm, 
OKI  use  built-up  roof. 

Initial  Construction 
Energy,  MointenorKe,  Repairs^ 

SUBTOTAL 


TOTAL  FOR  ALL  ADJUSTMENTS 


+37,(XX)  (loss) 

_ 0 

+37,000  (loss) 


+$73,000  (loss) 


TOTAL  FROM  PREVIOUS 
LIFE-CYCLE  SAVINGS/LOSS 

FINAL  LIFE-CYCLE  SAViNGS/LOSS 

Using  Adjusted  Holf-Berm  Configuration  os  the  Basis 


-$96,400  (savings) 


•23,400  (savings) 


Full  Berm  With  Earth 
Cover  on  Roof 

-$4,000 
-6,000 
-20,000 
+30,000 
-7.000 
+1,000  (loss) 


+34,000  (loss) 
+1.000  (loss) 
+35,000  (loss) 


+37,000  (loss) 

_ 0 

+37,000  (loss) 


+$73,000  (loss) 


-$28400  (savings) 


+44,700  (loss) 
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Cumulotive  discounted  energy  savings  due  to  earth  cover  on  the  roof  ore  approximately  equal  to 
additional  discounted  costs  for  mointenonce  of  grass  on  the  roof. 


(i.  I'in.il  Aiiiii:;to(l  LLEi:--Cvclc  Coats  £or  FuLl-Berm  Alternatives.  After 
millin'-;  the  .-ibove  cost  aci justvients  to  the  relative  life-cycle  cost  of  the 
fvilJ-benn  buildings,  the  full-berm  configurations  become  approximately 
i73,00C  r-ore  expensive  than  previously  calculated.  The  full-berm  building 
wit'aov^t  oarth-covet  on  the  roof  still  shows  a  present  worth  savings, 
liovi'.ver.  These  savings  are  approximatel'v  $23,000.  Neither  this  full-berm 
conf  ip.urat  ion  nor  the  stripped-down  half-berm  configuration  have  earth-cover 
on  tlie  roof.  Tlie  primary  cost  differences  are  the  berm  height,  the  piles 
and  foundation,  and  the  aspect  ratio  as  defined  by  wall-to-f loor  area.  The 
life-cycle  analysis  shows  that  the  berm  more  than  pays  for  itself.  Per 
square  foot  of  buildf.rig  area,  the  piles,  footings,  and  foundation  system  for 
tile  full-hcrra  are  more  expensive  than  the  spread  footings  and  foundation 
system  for  tiie  half->^  nr.  However,  with  a  lower  aspect  ratio  and  fewer 
columns,  the  full  berm  building  proves  to  be  more  economical.  This  outcome, 
in  favor  of  the  full-berm  building  is  attributible  to  the  strategy  of 
cquiliiring  the  floor  areas  as  well  as  berming  the  extericr  walls. 

23.  RKFir'dllf.NTS  TO  INSUMTION  THICKNESS  AND  DEPTH.  Additional  analyses  are 
required  to  predict  building  energy  performance  aa  a  result  of  modifying  the 
thickn-iss  and  depth  of  thermal  insulation.  The  origin.?!  energy 
calculations,  utilizing  the  variable  bin  method,  must  be  modified  to  reflect 
charges  in  insulation  thickness  and  depth.  This  effort  will  require  less 
computation  time  than  the  original  effort  because  only  the  zones  affected  by 
tl'.e  changes  must  be  considered.  The  building's  energy  components  (roof, 
walls,  windows,  floor,  air  infiltration,  ventilation,  internal  heat  gains) 
cannot  be  analyzed  independently  of  each  other — a  complete  heat  balance  must 
be  recomputed  for  each  bin.  If  this  calculation  procedure  is  computerized, 
time  required  for  carrying  out  the  analysis  will  be  reduced  dramatically. 

24.  EVALUATION  OF  INTANGIBLE  DIFFERENCES.  At  this  point,  the  full-berm 
configuration  without  earth-cover  could  be  recommended  on  the  basis  of  the 
life-cycle  cost  analysis.  However,  the  following  intangibles  (some  of  which 
cau  be  translated  into  costs)  should  be  observed: 

a.  S'-Curity .  Even  with  special  provisions  such  as  parapets  or 
landscaping,  the  northern  portion  of  the  roof  will  be  accessible  from  the 
berm.  The  berm  height  could  be  reduced  and  the  parapet  height  Increased  to 
help  solve  this  problem.  Based  on  the  unit  costs  already  obtained,  it  can 
be  shown  that  this  will  increase  the  relative  life-cycle  cost  of  the 
building.  As  a  compromise,  a  hedge  along  the  top  of  the  berm  may  be  used. 

b.  Natural  Light.  Although  the  functions  requiring  daylighting  are 
fairly  v/ell  accemaodated  in  all  the  schemes,  the  full-berm  scheme  has 
greater  variety  .and  interest  because  of  the  skylight.  The  skylight  and 
atrium  al.so  tend  to  create  a  better  organizational  clarity  for  the  full-berm 
building. 

c*  Exterior  Noi.'io  Reduction.  Exterior  noise  reduction  should  be 
be.tter  for  the  full  berm  building. 

‘I-  Railiation  Protection.  As  n  fallout  shelter,  the  radiation 
protection  factor  will  also  be  higher  for  the  lower  level  areas  adjacent  to 
the  oarth-berm. 
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FIGURE  96 

Final  Schematic  Site  Plan 
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FIGURE  97 

Final  Schematic  Plan  of  Upper  Level 


25.  FINAL  SCHEMATIC  DESIGN.  The  final  solution  to  the  visibility  of  a 
non-earth-sheltered  and  the  security/safety  problem  of  bermins  up  to  the 
roof  edge  is  solved  as  follows.  The  roof  to  the  north  of  the  skylight  is 
earth-covered  to  improve  appearance  and  to  reduce  the  potential  for 
vandalism  or  damage  to  roof  (see  Figure  96).  A  guardrail  ia  provided  at  the 
roof  edge  where  the  earth-covered  roof  is  accessible.  Unauthorized  access 
to  the  roof  of  the  south  wing  is  prevented  by  the  linear  skylight.  The 
north  side  (accessible  side  of  this  skylight)  is  insulated  metal  roofing  to 
improve  thermal  efficiency  and  to  reduce  the  potential  for  vandalism.  (The 
roof  of  the  south  wing  is  not.  earth  covered  because  of  the  negative 
life-cycle  benefit,  as  determined  in  Paragraph  22,  above.) 
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FIGURE  98 

Final  SchernaCic  Plan  of  Lower  Level 


An  evergreen  species  is  selected  for  a  windbreak  along  the  north  side  of 
the  building.  The  planting  Is  continued  along  the  north  side  of  the  parking 
area  to  partially  screen  the  parking  from  the  residential  area  across  the 
street  and  to  help  define  exterior  space  adjacent  to  the  building  (see 
Section  6,  Site  Context,  Paragraph  2F).  The  break  In  the  evergreen  planting 
marks  the  turn  In  the  approach  road  as  well  as  the  change  In  gradient. 

Excess  excavated  material  is  distributed  on  the  site  In  areas  not 
requiring  compaction.  Host  of  this  Is  used  to  extend  the  earth  berm  at  the 
building  and  to  create  small  berms  In  front  of  the  vehicle  maintenance 
facility. 
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FIGTJRE  99 

AxonomeCric  of  Circulation  Space 


The  final  schematic  plans  for  the  upper  and  lower  floors  are  shown  in 
Figttros  97  and  98.  Figure  99  depicts  the  main  circulation  and  the  atrium. 
The  interruptions  in  the  skylight  are  required  for  excess  h:?at  exhaust  for 
the  atrium  as  well  as  other  mechanical  functions  such  as  cooling  units  and 
exhaust  for  toilets  and  lockers.  The  skylight  (insulated  glass  with 
heat-strengthened  laminated  safety  glass  for  the  inside  lite)  has  no  thermal 
shuttering.  However,  motorized  blinds  can  be  used  to  reduce  heat  gain.  The 
walls  facing  the  atrium  are  maronry  to  increase  thermal  mass  for  direct 
solar  gain  benefit  (see  Section  11,  Natural  Lighting,  Skylights  and  Passive 
Solar). 
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FIGURE  100 

Perspective  Looking  West 


FIGURE  101 

Perspective  Looking  East 


The  aerial  perspective  looking  west  (Figure  100)  shows  the  building  from 
the  main  entt.^nce.  The  aerial  perspective  looking  east  (Figure  101)  shows 
the  solution  to  the  fenestration.  The  lower- level  windows  are  screened  from 
late  afternoon  summer  sun  by  the  trees  along  the  top  of  slope.  Both 
upper-level  and  lower-level  windows  utilize  a  reflective  coating  to  reduce 
solar  gain. 
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APPENDIX  A 

HEAT  FLUX  TABLES 


This  appendix  consists  of  Figure  102  and  Tables  21  through  42. 
Refer  to  Section  18,  Energy  Calculations,  for  instructions. 
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FIGURE  102 

7-Zone  Climate  Classification  of  the  United  States  and  Representative  Cities 
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TABLE  25 

Monthly  Average  and  Peak  Heat  Fluxes  for  Albuquerque  with  Ho  Insulation 
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INSULATION  DEPTH 

Full  Borm,  3  Story  16.011 
Full  Berm,  1  Story  13.0  ft. 


TABLE  40 

loathly  Average  and  Peak  Kent  Fluxes  for  Boston  with  R-10.4  (Deep)  Insulation 
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Btu/h  ft*  units  by  3,156 


APPENDIX  B 


BOUNDARY  CONDITIONS  AT  GROUND  SURFACES 


Transient  heat  flow  at  the  ground  surface  is  calculated  with  an  hourly 
tiice  step  using  TMY  (see  Reference  21)  solar  meteorological  data  inputs.  An 
overview  of  the  calculation  procedure  for  each  component  of  the  surface 
boundary  condition  follows. 

The  energy  balance  equation  at  the  ground  air  interface  may  be  written. 


R  -  H  +  LE  +  G 


(B-1) 


WHERE: 

R 

H 


net  radiation  (solar  and  longwave) 

sensible  heat  flux  between  the  surface  and  the  air  (positive  when 
directed  upward) 

latent  heat  of  evaporation  between  the  ground  surface  and  air 
(positive  when  surface  is  losing  water  by  evaporation) 
sensible  heat  flux  conducted  into  the  ground  (positive  when  the 
ground  is  losing  heat) 


NET  RADIATION,  R.  The  net  radiation,  R,  is  defined  as  the  difference 
between  the  incoming  and  outgoing  streams  of  solar  and  longwave  sky 
radiation.  Thus, 


R  •  Q(l-a)  +  14-  -  €  <T  Tg* 


(B-2) 


WHERE: 

Q  ■  incoming  solar  radiation 

a  *  surface  albedo  or  reflectivity 

14-  ■  longwave  radiation  emitted  downward  by  the  atmosphere  and 
absorbed  by  the  ground. 

C  >  surface  infrared  emissivity 

O  «  Stephan-Boltxman  constant 

^8*  surface  temperature. 

Infrared  radiation  heat  exchange  between  the  ground  surface  and  the  sky 
is  estimated  using  the  statistical  methods  developed  by  Clark  and  Allen  (See 
Reference  24,  The  Estimation  of  Atmospheric  Radiation  for  Clear  and  Cloudy 
Skies,  by  Clark).  This  analysis  includes  the  effects  of  clouds  and  humidity 
on  the  apparent  emissivity  of  the  sky.  The  incoming  solar  radiation  (Q) 
incident  on  the  ground  surface  is  read  directly  from  the  weather  tapes. 

SENSIBLE  HEAT  FLIOC,  H.  The  sensible  heat  flux  between  the  ground 
surface  and  the  air  due  to  surface  convection  is  estimated  with  the  equation. 


hcos  <Ts  -  Ta) 


(B-3) 


WHERE: 

^'cos 

T. 


■  surface  convection  heat  transfer  coefficent  (Btu/h  ft2*F) 

■  ground  surface  temperataure  (*F) 

■  ambient  dry-bulb  air  temperature  (*F) 


The  surface  convection  heat  transfer  coefficient,  h^^g.  Is  estimated 
using  the  empirical  model  developed  by  Kreith  and  Seilers  (See  Reference  25, 
General  Principles  of  Hatural  Evaporation,  by  Kreith)  and  Is  expressed  as, 

^cos  “  ^p  ®h  (B“4) 

where , 

■  air  density  (Ibs/ft^) 

Cp  -  specific  heat  (Btu/lb^F) 

■  nebulous  transfer  coefficient  (ft/h) 

The  nebulous  transfer  coefficient,  is  estimated  by  the 
relationship, 

L  ‘2 

D  .  -  0.016  u  In  j —  (B-5) 

^  ^0 

WHERE: 

u  *■  horizontal  wind  speed  (ft/h) 

L  ■  height  at  which  the  horizontal  wind  speed  Is  measured  (inches) 

I  Lq  ■  roughness  length  (Inches) 

In  equation  (B-5) ,  must  be  cocrected  when  the  air  temperature  varies 
with  height.  For  further  explanation,  refer  to  Kreith  and  Sellers  (Reference 
23). 


LATENT  HEAT  FLUX,  LE,  The  latent  heat  flux  depends  on  the  vapor  pressure 
difference  between  the  ground  surface  and  the  air.  The  equations  used  In  the 
computer  model  are  based  on  Speltz  and  Melxel  (see  Reference  26,  A  Computer 
(Simulation  of  the  Thermal  Performance  of  Earth  Covered  Roofs,  by  Speltz).  In 
I  the  arid  southwest  region  of  the  country,  such  as  Phoenix,  evapotransporatlon 
•is  maintained  at  a  level  high  enough  to  support  the  growth  of  plant  cover. 

HEAT  OONDUCTION  INTO  THE  GROUND,  G.  The  transient  heat  conduction  into 
the  ground  is  modeled  by  use  of  a  two-dimensional  explicit  finite-differencing 
routine.  The  following  difference  equation  is  used  to  calculate  heat 
conduction  from  the  upper  boundary  nodes  to  the  ground  surface: 


1 


m,n 


P+1  -  T 


m,n 


(T  P)  +  (T  ,  P)  -  2T  p  T  +  T  ,P  “  2T  p 
m+l,n*^  m-l,n*^  m.n  .  s  m,n-l  m.n 

- 5 - * - —  + - ' — 

(  x)^  (  y)^ 


(B-6) 


T  represents  the  temperature  and  the  subscripts  'm'  and  'n'  denotes  the  x  and 
y  position  of  the  node  in  relation  to  the  temperature  field,  the  superscript 
'p'  designates  the  time  Increment,  x  and  y  represent  the  node  spacing,  is 
the  thermal  dlffuslvlty  and  t  represents  the  time  Increment  of  the 
calculation.  Tg  represents  the  ground  surface  temperature. 
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CALCULATION  WORKSHEETS 

This  Appendix  contains  worksheets  that  may  be  used  in 
calculating  heating  and  cooling  loads  for  earth-sheltered 
buildings  zones.  Refer  to  Section  18,  Energy 
Calculations,  Paragraph  5,  for  instructions. 
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Bln  Number _  Job  Location _ 

Room  Number  _____  Room  Noma _ 

J  F  M  A  M  J  J  A  S  O  N 

Month _ I  I  I  I 

M  T  W  T  F  S  5  AA-S 

I  I  I  M  I  I  I CZ] 

Ol-oe  09-16  I7-2<I  01-24 

Hour*  1  I  I  I  [  I 

troumiuion  Sensible  Heat  ~Area 

Above  Grade  Surfoce* _ (ft^) 

North  Exterior  Wall _ 

Eo»t  Exterior  Woll _ 

South  Exterior  Wall _ 

West  Exterior  Woll _ 

Roof _ 

Exterior  Clazing 


rranamiuion  Serulbl*  Heat 
Eorth  Contact  Surfooe* _ _ 

North  Woll _ 

Eoot  Woll _ 

South  Woll _ 

Wert  Wol! _ 

Slob  Perlme/er _ 

Slob  Interior _ 

Tronsmlulon  Seialble  Heot  Area 
Between  Building  Zone*  (ft*) 

Floor*  _ 

Celllrw* _ 

Portitlorq 

TronemlMiai  Solar  Heot  Coin 

North  Exterior  go**  _ 

Eort  Exterior  Glo«« _ 

South  Exterior  aa*i _ 

Wert  Exterior  Gkni 

Bear  Heot  Coin _ 

Sentlble  _ _ 

— =— — — =KZ= 

Conv. 

Equipment  Heot  (^In _ Foe  tor 

Ll<<>t* _  3AI2 

Electric  Equipment _ 3.412 

Ml»cellor>eou* _ 3.412 


Inflltrotlon 

Totol _ 

Sensible _ 


WORKSHEET  B 

HEATING/COOLINC  l.OAO  CALCULATIONS 
(Integrated  Values) 


Degree  Hour*  Above  Set  Point _ 

Entholpr  Hour*  Above  Set  PoinL. 
Hours  Above  Set  Point 


Conditions  Above  Building 
Set  Point  Temperoture 


Degree  Hours  Below  Set  Point _ 

Hour*  Below  Set  Point _ 


Conditiora  Below  Buildli>g 
Set  Point  Temperoture 

igfee  Sensible 

lura _ Ht.  Loss 


Monthly 
Avg.  HMt 
LoWGoin 


Sensible 
Ht.  Osin 


Hours 

Sensible  Below  Sensible  Sensible 
Ht.  Lost  Set  Point  Ht.  (Spin  Ht.  Loss 


Solor  Foe. 
(BtuAi  ffl 


Rate  CfoTr 
(Btu/h) 


Hours  Qlw  bensibie  Sensible 
Set  Point  Ht.  Gain  Ht.  Loss 


Hours  BIw  Sensible 
Set  Point  Ht,  Coin 


Hours  Biw  Sensible 
Set  Point  Ht.  Coin 


Hours  Biw  Seruible 
Set  Point  iHt.  Coin 


Ventllqtion 

Totol _ 

Sensible 


bnthaipy 

Hours 

(Btyh/lb) 


Constant 

43 

Air 

(Juantlty 

(ft’/mln) 

Total 

Heot 

IJ)e5 

1 

Conjtont 

Air 

Quantity 

|ft*/mln) 

Total 

Heat 

4.5 

1.085 

Degree 

Sensible 

Latent 

Hours 

Ht.Goln 

Load 

Sensible 
I  Ht.  Loss 


■sssasssBS^ 

Degree 

Hours 

Sensible 
Ht.  (ijin 

Latent 

Load 

Sensible 
Ht.  Loss 
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Room  No. 


WORKSHEET  C 

HEATNG/COOLING  LOAD  CALCXILATIONS 
(Design  Peak) 

SPACE  CONDITIONS 


Room  Name_ 
Jobl'lo. _ . 


Job  Location 


Summer 

^ut335 

Inside 

Difference 

Dry-Bulb 

F 

F 

Wet-6ulb 

F 

F 

Dew  Point 

F 

F 

Relative  Humidity 

% 

% 

Winter 

F 

F 

COOL  MG 


HEATING 


Sensible  Latent 


TOTAL  HEAT  GAINS  (l♦2♦3♦4) 


TOTAL  HEAT 
LOSSES  {S*6) 


la 

■ergtw 

ESisI 

i35i3i 

■ 

■rrmi 

■»«?« 

EulSElii 

North  Exterior  Wall 

East  Exterior  Wall 

South  Exterior  Wall 

West  Exterior  Wall 

Roof 

Transmission  Seruible  Heat 

Earth  Contact  Surfaces 

KOI 

ias» 

EUSMH 

BTU/ 
hr  ft* 

North  Wall 

■■■ 

East  Wall 

South  Wall 

West  Wall 

Slob  Perimeter 

Slob  Interior 

Tronsmisslc't  Sensible  Heat 
Between  Bultdina  Zones 

■aSH 

IGSiSi 

uSulH 

liUEi 

SSSi 

Temp. 

Diff. 

»Lpt 

Foctor 

Floor 

1 

■■■I 

Partitions 

tm 

Solcx  Foe. 
(Btu/h  f1») 

Temp. 

Diff. 

•V 

Foctor 

North  Exterior  Glass 

East  Exterior  Goss 

South  Exterior  Goss 

West  Exterior  Goss 

Totol  Transmission  4  SoIrrHeotGoln  1 

Heat  Loss  5 

Infiltration 

Em 

irfflU 

Conv. 

Factor 

mm 

Sensible 

Btu/h 

!uu&Z9i^ll 

maEi 

BSSBHnl 

ISiliH 

Sertsible 

0.018 

Latent 

0J>I8 

_ 

I  Total  Infiltration Heot  Coin  2 

Totol  Infiltr. 

Heot  Loss  6 

I 

Number 

Peoole 

35nP5B 

Sensible 

Btu/h 

[juB!iilllliil 

I  Sensibl* 

Latent 

J ! 

\  Total  Body  Heat  Colne  3 

Termi 

Wotts 

Electric  LlrJits 

3.AI2 

Electric  Eouloment 

3.412 

hIB' 

MUcelloneous  I 

3.412 

Total  Equipment  Goins  4 

.  J*. 
V’ 
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CRITERIA  SOURCES 

(Publications  Containing  Criteria  Cited  in  this  Manual) 


POD  Construction  Manual  (POD  4270. 1-M),  Pepartment  of  Pefense,  The  Pentagon, 
Washington,  PC  20301. 


NAVFAC  PESIGN  MANUALS  ANP  P-PUBLICATIONS 


PM-2.2 

PM-3.1 

PM-3.3 

PM-4.2 

PM-4.4 

PM-4.7 

PM-5.11 

PM-7.1 

PM-7.2 

PM-7.3 

PM-8 


Loads 

Plumbing  Systems 

Heating,  Ventilating,  Air-conditioning  and  Pehumidifying 
Systems 

Electric  Power  Pistribution  Systems 
Electric  Utilization  Systems 
Wire  Coinnunication  and  Signal  Systems 
Soil  Conservation 
Soil  Mechanics 

Foundations  and  Earth  Structures 

Soil  Pynamics,  Peep  Stabilization  and  Special  Geotechnical 
Construction 

Fire  Protection  Engineering 


P-89  Engineering  Weather  Pate 

P-355  Seismic  Pesign  of  Buildings 

P-397  Explosive  Storage 

P-422  Lifa-Cycle  Costing 

P-960  Installation  Pesign 


Pepartment  of  Pefense  activities  may  obtain  copies  of  Pesign  Manuals  and 
P' Publications  from  the  Commanding  Officer,  Naval  Publications  end  Forms 
Center,  5801  Tabor  Avenue,  Philadelphia,  PA  19120.  Pepartment  of  Pefense 
activities  must  use  the  Military  Standard  Requisitioning  and  Issue  Procedure 
(MILSTRIP) ,  using  the  stock  control  number  obtained  from  NAVSUP  Publication 


2002. 


Other  Government  Agencies  and  commercial  organizations  may  procure  Pesign 
Manuals  and  P-Publications  from  the  Superintendent  of  Pocuments,  U.S. 
Government  Printing  Office,  Washington,  PC.  20420. 

National  Fire  Protection  Association,  Quincy,  MA  02210. 

70  National  Electrical  Code  1981 
101  Life  Safety  Code 

Fire  Protection  Handbook. 

Uniform  Building  Code.  International  Conference  of  Building  Officials, 
5360  S.  Workman  Mill  Road,  Whittier,  CA  90601. 


Criteria  Source-1 


INDEX 


A  Page  F  Page 


Access  . 

•  • 

.  48,49 

Fire  Alarm  . 

•  • 

123 

Air-Handling  Systems 

•  • 

56,119 

Fire  Department  Access 

•  • 

57 

Automatic  Fire  Extinguishing 

Fire  Protection  . 

•  • 

56 

System  . 

•  • 

57 

Air  Handling  Systems  . 

•  • 

56 

Automatic  Fire-Extinguishing 

B 

System  .  . 

•  • 

57 

Elevators  . 

•  • 

58 

Brickfilling . . 

•  • 

37 

Exits  . 

•  • 

58 

Balow-Grade  Heat  Flux  . 

•  « 

89 

Fire-Fighting  Access 

.  49, 

57 

Bentonite  Clay  .... 

•  • 

73 

Life-Safety  ...... 

.  15, 

58 

Brick  Paved  Roof  .  .  . 

«  • 

95 

Refuge  Areas  . 

•  * 

58 

Building  Envelope  .  .  . 

•  • 

88 

Smoke  and  Heat  Venting 

•  • 

56 

Built-Up  Asphalt  .  .  . 

•  • 

62 

Flat  Site  . 

•  • 

24 

Building  Use  Parameters 

•  • 

79 

G 

C 

Cementitious  Materials 

•  • 

63 

Gain  System  . 

•  m 

55 

Climate  Evaluation  .  . 

•  • 

.  3 

Ground  Conditions  .... 

•  • 

10 

Infiltration  Loads 

•  • 

.  3 

Ground  Moisture  . 

•  • 

86 

Cooling  Loads  .... 

•  • 

3 

Ground  Temperatures  .  .  . 

•  • 

4 

Internal  Heat  Gains  . 

•  • 

.  3 

Ground-Water  Conditions  . 

.  10, 

78 

Ground  Temperatures  . 

•  « 

.  4 

Ground-Water  Drainage  .  . 

•  • 

33 

Climatic  Regions  .  .  . 

•  • 

4,  5,  6 

Communications  .... 

•  • 

.  123 

H 

Compaction  . 

•  • 

.  37 

Computer  Model . 

«  • 

129 

Heat  Cains  ....... 

•  • 

3 

Containers  . 

•  • 

46 

Heat  Loads  ....... 

•  • 

12 

Cooling  Loads  . 

•  • 

3 

Heat  Transfer  Principles 

•  • 

124 

Corner  Site  . 

•  • 

30 

1 

D 

Infiltration-Dominant 

Dampproofing  . 

.  60 

Buildings  ....... 

•  • 

13 

Daylighting  . 

«  • 

54 

Infiltration  Loads  ... 

•  • 

3 

Design  Examples  .... 

•  • 

155 

Insulation  ....... 

•  • 

85 

Dewatering  . 

•  • 

36 

Building  Envelope  .  .  . 

•  • 

88 

Drain  Paved  Roof.  .  .  . 

•  • 

95 

Climate  . . . 

•  • 

86 

Drainage  . 

•  • 

33,  57 

Ground  Moisture  .... 

•  • 

86 

Installation  . 

•  • 

94 

E 

Internal  Heat  . 

•  • 

86 

Passive  Solar  Crain  .  . 

•  • 

91 

Elcivators . 
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